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Abstract.  This  paper  examines  the  wetting  by  ',/ater  of  low-density 
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polyethylene  film  modified  at  the  polymer-wacer(air)  interface  by 
introduction  of  polar  organic  functional  groups  (carboxylic  acids, 
amines,  and  others).  Water/ polymer  contact  angles  were  determined  for 
each  of  these  interfaces;  for  interfaces  containing  acidic  or  basic 
functional  groups,  the  contact  angle  was  determined  as  a  function  of 
the  pH.  The  observed  contact  angle  was  related  to  the  hydrophil icity 
of  these  functional  groups:  As  the  hydrophi 1 i ci ty  (as  measured  by 
Hansi'.h  n  parameters)  increased  up  to  a  certain  point,  the  contact 
angle  decreased.  Beyond  that  point,  increased  hydrophi 1 i ci ty  had  . 
little  additional  influence  on  the  contact  angle.  This  result  is 
7ncerpre''ed  in  terms  of  water  adsorbed  on  the  polar  interfacial 
functional  groups;  extensive  hydration  of  interfacial  groups  having 
la’^ge  negative  n  parameters  i''ode-'at?s  S'heir  .'s 


hydrophi 1 icity.  The  influence  of  a  functional  group  on  wettability 
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was  related  to  the  normalized  fraction  of  the  area  of  the  interface 
occupied  by  that  type  of  functional  group:  in  some  instances  tiiis 
area  fraction  appears  more  useful  in  describing  interfacial  properties 
than  is  the  simpler  mole  fraction.  Interfaces  containing  lonizable 
functional  groups  usually  shov^ed  a  contact  angle  that  varied  with  pH, 
with  cho  lower  contact  angle  observed  at  values  of  pH  for  wiiich  tiie 
interfacial  groups  were  in  the  more  polar,  charged  form;  interfaces 
without  ionizable  functional  groups  did  nut  display  a  change  in 
contact  angle  with  pH.  Tlie  paper  rationalizes  the  change  in  contact 
angle  with  pH  in  terms  of  the  relative  areas  of  the  interface  occupied 
by  the  functional  groups  in  different  ionization  states  and  in  terms 
of  the  extenc  of  ionization  of  acidic  and  oasic  groups.  The 
interfacial  values  of  pj^  are  compared  with  the  values  of  pj^  for 
similar  functional  groups  in  aqueous  solution.  In  all  cases,  it  is 
more  difficult  to  generate  the  charged  form  of  tne  functional  group  at 
the  interface  tlian  it  is  in  aqueous  solution,  probably  due  in  major 
part  to  the  lower  dielectric  constant  of  the  interface. 

Introduction 

Treatment  of  lov/-density  polyethylene  film  with  aqueous  chromic 
acid  solucion  yields  "polyethylene  carboxylic  acid"  (PE-CO2H),  a 
:naterial  containing  carboxylic  acid  and  ketone  and/or  aldehyde  groups 
concentrated  in  a  thin  oxidatively-functional ized  ’nterfacial 
region,'^  Ue  are  using  this  material,  and  other  materials  derived  from 
it  by  modification  of  its  constituent  functional  groups,  to  study  the 
reiauiuii  Lfie  iituirculsr’levcl  cnaract'^r'!s*''tv-j  cf  the 

interfacial  regi on--structur0 ,  polarity,  reactivity,  location,  and 
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concentration  of  functional  groups—and  [nacroscopic  materials 
properties  of  the  functionalized  polymer  such  as  wettability  and 
adhesion  strength. Previous  papers  have  demonstrated  that  the 
wettability  of  PE-CO2H  by  water  cnanges  with  the  pH  of  tlie  water,  and 
that  this  change  correlates  with  the  state  of  ionization  of  the 
carboxylic  acid  groups.'^  Examination  of  changes  in  the  contact  angle 
of  water  on  PE-CO2H  as  a  function  of  pH  is  a  technique  we  call 
"contact  angle  titration":  it  provides  a  particularly  convenie"*"  (if 
indirect)  method  for  examining  the  state  of  ionization  of  functional 
groups  influencing  the  wetting  of  the  functionalized  polymer. 
Empirically,  results  obtained  using  this  technique  correlate  well  with 
estimates  of  the  extent  of  ionization  obtained  by  direct  spectroscopic 
measurements  using  ATR-IR  spectroscopy'^  and  fluorescence 
spectroscopy,^  and  by  conventional  titration.^  We  have  previously 
proposed  a  qualitative  justification  for  this  correlation,'^  but  the 
more  detailed  examination  of  this  paper  suggests  that  the  basis  of 
contact  angle  titration  is  not  simple. 

This  paper  has  four  objectives:  First,  to  survey  a  range  of 
organic  functional  groups  on  the  surface  of  polyethylene  for  their 
influence  on  wettability,  and  to  search  for  a  correlation  between  sOine 
appropriate  measure  of  polarity  of  the  individual  functional  groups  in 
solution  and  the  wettability  of  an  interface  incorporating  them. 
Second,  to  confirm  that  changes  in  wettability  with  pH  of  interfaces 
having  acidic  or  basic  groups  reflect  protonation  or  deprotonation  and 
to  examine  liow  such  ionizations  influence  wetting.  Third,  to  coinpare 
the  proton  acidities  of  functional  groups  in  the  interfacial  region 
with  their  acidities  in  solution.  Fourth,  to  clarify  the  physical 


cheim'cal  basis  of  the  technique  of  contact  angle  titration. 

As  previous  v/e  refer  to  that  part  of  the  functionalized 

interface  of  PE-CO2H  and  its  derivatives  that  detemines  the 
wettaoility  of  the  polymer  as  the  "contact  angle  interphase"  or  "d 
interphase"  and  to  parts  of  the  interface  lying  below  the  a  interphase 
and  having  no  influence  on  contact  angle  as  the  “sub-9  interphase." 
Althougli  the  structural  features  that  determine  whether  an  interfacial 
group  influences  v/etting  are  not  yet  precisely  established,  we  believe 

O 

that  the  groups  in  the  9  interphase  must  be  within  angstroms  of  the 

10  in 

outermost  part  of  the  polymer.  ^ 

morphology  of 

O 

the  interface  of  PE-CO2H  at  xlOOO  A  resolution  is  not  detectably 
different  from  that  of  the  unfunctionalized  polymer."^  The  only 
important  functional  groups  present  are  carboxylic  acid  and  ketone 
and/or  aldehyde  moieties  in  approximately  3:2  ratio.  PE-CO2H  has  a 
relatively  low  interfacial  free  energy  and  resists  contamination  by 
adsorption  of  contaminants  from  the  air.  It  can  be  handled  briefly  in 
air  witnuut  special  precautions.  Ue  have  not  yet  been  able  to 
establish  by  direct  observation  the  thickness  of  the  functionalized 
interface  or  the  distribution  of  functional  groups,  but  it  appears 
that  -1.30%  of  the  carboxylic  acid  groups  determine  the  wettability  of 
tnis  .naterial  ,  and  the  reiiiainder  of  these  carboxylic  acid  groups  nave 
little  or  no  influence  on  wettability.^ 


Indirect  evidence  suggests 


that  the  functionalized  interface  in  PE-CO2H  is  thin--thdt  is, 

O  c 

probably  <20  A  in  thickness. 

All  carboxylic  acid  groups  in  che  functional i zed  interface  are 
accessible  to  aqueous  base,^  and  are  converted  to  carboxyl  ate  ions  ac 
values  of  solution  pH  >  12.  The  polarity  experienced  by  a 
fluorophoric  reporter  group  (the  dansyl  moiety)  incorporated  in  the 
interface  is  uniform  and,  vvhen  placed  in  contact  with  water,  is 

r 

similar  to  that  of  methylene  chloride.  The  functionalized  interface 
is  reasonably  stable:  the  functional  groups  do  not  migrate  away  from 
the  9  interphasa  at  room  temperature  or  under  reaction  conditions  used 
in  forming  derivatives,  although  migration  is  rapid  at  100  °C.^ 

The  interface  of  PE-CO2H  and  its  derivatives  is  composed  of  a 
number  of  types  of  organic  groups,  including  methyl,  methylene, 
ketone/ aldehyde,  carboxylic  acid,  and  possibly  others.  We  use  several 
nomencl atural  devices  to  simplify  discussion  of  the  interfacial 
chanistry  of  PE-CO2H.  Groups  present  anywhere  in  the  oxidatively 
functionalized  interfacial  region  are  indicated  with  square  brackets 
([])  following  the  name  of  the  polymer:  for  example, 
PE[>C=0]LC02H][C0r(H2]  is  polyethylene  containing  ketone/ al deliyde , 
carboxylic  acid  and  amide  groups  in  its  functionalized  interface. 

Using  this  nomenclature,  the  material  PE-CO2H  made  in  tne  initial 
oxidation  reaction  can  be  described  more  accurately  as 
PE[>C=0][C02ii] •  Since  the  majority  of  the  reactions  that  we  use  to 


introduce  functionality  into  the  interfacial  region  involve 

derivati  zation  of  the  interfacial  carooxylic  acid  groups  rather  tiian 

% 

the  ketones,  we  often  omit  the  C>C=0]  from  the  name  and  assume  that, 
unless  otherwise  specified,  tnere  is  a  background  of 
ketone/ aldehyde  (and,  of  course,  methylene  groups)  in  the  interface  of 
all  samples.  Thus,  if  the  nature  of  the  group  derived  from  the 
ketone/ aldehyde  groups  is  not  specified,  these  groups  are  assumed  to 
be  unchanged;  PELCONH2]  Is  P£[>C=0][C0NH2] ,  not  PEl>CH0H][C0NH2J . 

Theory 

Contact  Angle  Titration.  Figure  1  shows  representative  advancing 
contact  angles  9  of  buffered  water  on  PE-CO-H  and  several  of  its 

a  C 

derivatives  as  a  function  of  pH.  Much  of  the  work  in  this  paper  is 

directed  toward  understanding  three  features  of  these  data:  First, 

only  surfaces  containing  ionizable  functionality  (RCO2H  RC02“; 

RNH(CH2)4^  ^  RN(CH2)4))  show  a  pH  dependence  of  the  contact 

angle.  Why:'  Second,  the  magnit.de  of  ?  decreases  as  the  oo’ar’t/  if  ^he 

1  '  ' 

functional  group  in  the  interface  increases.  What  is  the  relation 
between  the  polarity  of  a  functional  group  (a  concept  that  is 
intuitively  clear  if  not  quantitatively  uniquely  defined)  and  its 
influence  on  wetting  characteristics  of  an  interfaced  Third,  all  of 
tile  interfaces  show  pronounced  hysteresis  in  contact  angle  _ 


It  I  MM  I  PE[>C=0][C0NHhQi 

PE*H 

i  I  i  i-i-f  i  I  i  M  >  |-t-  pe[>c=0][C02CH3] 


l-l  ♦-• 


PEI>CH0H][CH20H] 

PE[>C=011C0NHCHjCH;tQ] 


>  u , ,  ,  ■  PE[>C=0][C02H1 


Figure  1,  Advancing  contact  angle  9^  (obtained  by  using  sessile 
drops)  as  a  function  of  the  pH  of  the  drop  for  several 
derivatives  of  PE-CO2H,  Solutions  were  buffered  (0.05  M) . 
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What  physical  model  should  we  use  in  discussing  this  hysteresis? 

The  theoretical  discussion  that  follows  suggests  a  simplified 
physical  model  for  the  wetting  of  PE-CO2H  and  its  derivatives.  In 
particular,  we  note  that  the  assumption  (below)  that  the  functional  grouos 
in  the  interface  contribute  independently  to  the  interfacial  free  energy 
is  inaccurate,  but  leads  to  a  tractable  and  physically  reasonable  picture. 
We  start  with  an  analysis  similar  to  one  used  in  discussions  of 
equilibrium  wetting  (Young's  equation,’  Figure  2,  eq  Consider  the 


cos 


\V 


(1) 


free  energy  AG  of  a  system  composed  of  a  drop  of  water  on  a  homogeneous 
solid  containing  only  one  type  of  interfacial  functional  group  as  the  edge 
of  the  drop  moves  from  a  position  Lj  to  a  position  L2  with  a  corresponding 
change  in  the  area  <5A  of  the  solid  under  the  drop  (eq  2).  If  the  solid 
interface  contains  groups  reactive  toward  water  (for  example,  carboxylic 


acid  or  amine  moieties),  the  free  energy  of  reaction  (n^*’*,  in  units  of 
energy  per  area)  must  be  included.  All  of  our  experiments  involve  the 
wetting  of  interfaces  under  air  saturated  with  water  vapor;  that  is, 
"moist"  spreading.  We  assume  that  polar  functional  groups  in  the 
interface  are  to  some  extent  hydrated  and  believe  that  the  water  molecules 
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Figure  2.  Schematic  illustration  of  the  edge  of  a  drop  as  it  moves 
from  position  to  position  The  edge  of  the  drop 
makes  an  angle  of  9  with  the  interface.  As  the  drop 
advances,  it  sweeps  over  an  area  6 A  and  the  liquid 
experiences  an  increase  in  interfacial  area  of  oA  cos  9 
(top).  The  nature  of  the  interface  may  change  as  the  drop 
moves  over  it,  due  to,  for  example,  ionization  of 
carboxylic  acid  groups  on  contact  with  basic  water 
(middle).  The  real  polymer  surface  is  rough  and 
heterogeneous  (bottom). 


adsorbed  at  the  interface  have  a  significant  influence  on  the  solid-vapor 
interfacial  free  energy  (7SV’  below). 


The  type  of  reactivity  in  which  we  are  most  interested  is  the 
reaction  between  acids  (bases)  in  the  d  interphase  and  bases  (acids) 
present  in  the  aqueous  drop.  In  this  instance,  both  and  depend  on 
the  nature  of  the  functional  groups  present  and  on  the  pH  of  the  drop.^^ 

In  general,  we  expect  and  7^|^  to  be  related,  in  the  sense  that  if  a 
reaction  occurs  when  the  solid  comes  in  contact  with  the  liquid,  7^j^ 
should  also  change.  We  discuss  in  greater  detail  the  relation  between 
and  later;  here  we  combine  them  in  a  single  term 

The  equilibrium  contact  angle  defined  in  eq  1  can  be  modified  to  take 
into  account  the  influence  of  reaction  of  interfacial  groups,  by  deriving 
an  expression  (eq  3)  analogous  to  Young's  equation  (eq  1)  starting  with  eq 


cos  9  = 


pH  ^  pH  ^  pH, 
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.pH 


SV 


SL 


LV 


LV 
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2.  If  75\/  -  75|_  is  less  than  or  equal  to  7|_7,  and  if  there  are  no  kinetic 
barriers  to  movement  of  the  drop  edge,  the  equilibrium  contact  angle 
should  be  given  by  eq  3.  If  y^\j  -  75|_  is  greater  than  the  system  is 
not  at  equilibrium.  The  term  S*  (eq  4)  is  defined  by  analogy  with  the 
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classical  spreading  pressure:  for  the  system  to  be  at  equilibrium,  S*  < 
0.13 


-  9  - 

For  a  material  such  as  PE-CO2H  having  a  number  of  different 
interfac’il  groups,  we  can  postulate  eqs  5  and  6  in  estimating  y and 
75I_.  In  these  equations,  A57J  is  the  normalized  function  of  the  area  of 
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the  solid-vapor  interphase  occupied  by  the  functional  group  i.^^  These 
equations  are  based  on  the  assumption  that  each  functional  group 
contributes  to  the  interfacial  free  energy  independently  of  other 
interfacial  groups  according  to  the  normalized  fraction  A-,-  of  the 
interfacial  area  it  occupies.  We  note  three  features  of  these  equations. 
First,  the  assumption  of  independence  of  functional  groups  is  certainly 
incorrect  in  detail.  Second,  the  concept  of  the  "area  fraction"  of  an 
interfacial  group  is  not  exactly  defined.  Nonetheless,  it  is  evident  that 
for  a  very  large  group  (for  example,  an  oligosaccharide)  the  area  fraction 
and  the  more  familiar  mole  fraction  (xi)  will  be  quite  different.  Third, 
the  values  of  and  are  not  necessarily  the  same:  the  interface 

might  reconstruct  or  hydrate  on  contact  with  water  to  minimize  its  free 


energy  and  thereby  change  the  value  of  A^ .  PE-CO2H  itself  provides  a 
probable  example  of  a  system  in  which  the  9  interphase  reconstructs  on 
contact  with  bulk  water.® 


The  principal  objective  of  this  section  is  to  generate  a 
qualitative  understanding  of  the  response  of  the  contact  angle  to 


changes  in  the  polarity  of  the  interface.  To  this  end,  we  ignore  the 
difference  between  and  and  write  eq  7  as  a  description  of 

an  interface  having  mixed  functionality.  An  analogous  expression  (eq 
3)  gives  the  spreading  pressure  S*  in  terms  of  contribucions  froin 

independent  functional  groups.  In  a  v/el  l-beiiaved  case  (cos  ^-j  i  1; 

★ 

S-j  <  0)  this  aquation  carries  tiie  useful  indication  that  cos  o  for  the 
interface  can  be  thought  of  in  terms  of  area-v^ei gnted  contributions 
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(3) 


froiii  each  constituent  type  of  futictional  group.  A  more  complex  case 
arises  when  some  or  all  of  the  S*  are  greater  than  zero,  and 
especially  when  S*  <  0  but  with  some  S*  >  0.  This  case  includes 
PE-CO2’  (and  perhaps  PE-CO2H  itself). 

We  are  primarily  interested  in  systems  in  v^hich  the  interface 
includes  both  polar  (especially  ionizable  polar)  groups  and  nonpolar, 
non- ioiii  zabl  9  groups.  As  a  limiting  case,  we  consider  a  system 
containing  only  one  type  of  polar  and  one  type  of  nonpolar  group  (eq 
9)  with  describing  the  area  fraction  occupied  by  the  polar  group. 


cos  9  -  cos  9p  ■(-  (1  -  ^)  cos  9fjp 


(9) 


For  sufficiently  polar,  hydrophilic  functional  groups  at  100%  relative 
humidity,  these  groups  will  be  covered  with  hydrating  water 
molecules.  In  such  a  case,  we  hypothesize  that  the  polar  groups  ara 


functionally  ouried"  under  a  layer  of  water.  Equation  9  can  then  be 

simplified  by  assuming  that  p  (interfacial  free  energy  of  the 

solid-vapur  interface  with  an  equilibrium  coverage  of  adsorbed  water) 
is  equal  to  Y|_\y.  This  equality  follows  from  tiie  fact  that  the  solid 
interface  is  in  thermodynamic  equilibrium  with  the  vapor;  if  y^y  p 
were  greater  than  water  would  condense  on  the  interface;  if  y^y  p 

were  less  than  y|_^,  water  v^ould  evaporate  from  it.  It  also  follows 
tnat,  in  this  limiting  case,  y^^  p  -  0,  because  the  interface 
generated  under  the  drop  as  it  advances  (Figure  2)  is  an  interface 
between  adsorbed  water  and  bulk  water.  Thus,  ic  follows  from  eq  1 

that  cos  t3p  =  1  and  eq  9  can  be  simplified  to  eq  10. 

cos  ^  +  (1  -  COS  6«^p  10 

(for  groups  P  sufficiently  hydrophilic  that  cos  0p  =  1) 

Our  interest  in  this  type  of  equation  stems  from  the  fact  that  the 
interfaces  generated  from  PE-CO9H  contain  nonpolar  regions  (unreacted 
methylene  groups)  and  polar  regions  (derived  from  the  carboxylic  acid 
and  ketone  groups).  The  "polar"  region  of  these  interfaces  varies  in 
polarity  as  the  nature  of  the  interfacial  groups  changes  (and  can,  in 
fact,  become  less  hydrophilic  than  the  "nonpolar"  regions,  as  with 
fluorinated  carboxylic  acid  esters).  As  the  polarity  of  the  "polar" 
region  changes,  the  change  in  contact  angle  should  follow  eq  7.  In 
the  low  polarity  limit  the  contact  angle  responds  to  the  polarity  of 


the  polar  region  through  changes  in  cos  9p.  As  the  groups  in  the  9 
interphasa  become  more  nydrophi 1 ic ,  cos  Op  increases  and  the  contact 
angle  decreases  (Figure  3,  regime  A).  When  the  interfacial  groups 
become  sufficiently  polar  and  hydrophilic,  water  vapor  begins  to 
adsorb  on  and  hydrate  them.  AC  some  value  of  hydrophi 1 ici Cy,  the 
interfdcial  groups  will  be  completely  nydrated  and  cos  0p  will 
approach  1  (i.e.  aq  10  will  apply).  In  this  model,  additional 
increases  in  hydrophi 1 i ci ty  will  not  result  in  a  change  in  o  because 
cos  6p  remains  unchanged  at  1  and  cos  9j^jp  is  not  influenced  by  the 
polar  groups  (Figure  3,  regime  E).  As  an  initial  hypothesis,  we 
suggest  that  eq  9  and  10  provide  a  qualitative  rationalization 
for  the  experimental  data  we  observe  for  PE[Rl. 

We  note  that  the  hypothesis  that  the  hydrophi 1 icity  of  very  polar 
groups  is  “leveled"  by  adsorption  of  water  from  the  vapor  onto  these 
groups  does  not  explicitly  involve  reaction  of  these  groups 
(protonation  or  deprotonation):  these  equations  apply  to  both  non- 
ionizable  groups  and  to  PE-CO2H  and  PE-NR2H'*’.  Assuming  that  Figure  3 
(upper)  qualitatively  describes  the  relationship  between  the  polarity 
of  groups  in  the  the  interface  and  the  resulting  contact  angle  v;ith 
water,  we  can  predict  a  relationship  between  the  contact  angle  on  an 
interface  that  contains  carboxylic  acid  groups  and  the  change  in 
contact  angle  expected  when  those  carboxylic  acid  groups  are 
ionized.  For  example,  if  the  carboxylic  acid  group  is  already  very 
polar  prior  to  ionization  (Figure  3,  top,  regime  B) ,  an  increase  in 


vy 


Figure  3.  Top :  Qualitative  correlation  between  the  contact  angle 
(plotted  as  cos  9)  and  the  polarity  (hydrophil icity)  of 
interfacial  groups.  Less  polar  groups  fall  into  regime 


A.  An  increase  in  the  polarity  of  a  group  in  this  regime 
results  in  an  increase  in  cos  9  (eq  7).  Very  polar  groups 
fall  into  regime  B.  These  groups  are  effectively  buried 
oy  adsoroed,  hydrating  water  at  100%  humidity.  Since 
these  hydrated  clusters  present  an  interface  similar  to 
that  of  bulk  water,  increasing  the  hydrophi 1 ici ty  of  the 
focal  polar  groups  does  not  result  in  a  further  increase 
in  cos  9  (eq  3).  Bottom:  Qualitative  relationship 
between  the  polarity  of  an  unionized  carboxylic  acid  group 
(described  by  cos  9^^  ■^)  and  the  change  in  contact 

angle  upon  ionizatin  of  this  group  (a  cos  9,  eq  11).  The 
relationship  can  be  classified  according  to  the  regimes 
(top)  into  which  the  carboxylic  acid  and  carboxyl  ate 
groups  fall  (eq  12b-d).  If  both  groups  were  to  fall  into 
regime  B,  for  example,  the  difference  in  hydrophi 1 ici ty 
between  CO2H  and  CO2'  would  have  no  influence  on  9. 


• : 


polarity  apon  ionization  of  the  groups  in  the  e  interface  should  not 
result  in  a  significant  decrease  in  6.  On  the  other  hand,  if  the 
carboxylic  acid  group  were  initially  fairly  nonpolar  (Figure  3,  top, 
regime  A),  tnen  an  increase  in  polarity  should  result  in  a  decrease  in 
<3.  The  experimental  data  in  Figure  1  suggest  that  the  latter 
description  applies  to  carboxylic  acids  and  tertiary  amines;  data 
descrioed  later  suggest  that  the  former  description  applies  to  primary 
amines . 

A  more  quantitative  expression  connects  the 
difference  in  cos  9  between  the  fully  ionized  (e.g.  PE-C02")  and  fully 
unionized  form  (e.g.  PE-CO2H),  a  cos  9,  and  the  value  of  cos  9  in 
the  unionized  form  (eq  11).  In  the  specific  case  in  which  the  polar 
functional  groups  of  interest  are  CO2H  and  CO^"  groups,  we  measure  the 
contact  angle  at  pH  1  to  ensure  that  all  of  these  groups  are 
protonated,  and  at  pH  13  to  ensure  that  all  are  deprotonated  (eq 
11).  We  can  imagine  three  types  of  behavior  for  A  cos  depenoing 


A  cos  9  =  cos  9pH  1  -  cos  ^3 


on  whether  the  CO2H  and  CO2’  groups  fall  in  regime  A  or  B  of  Figure  3 
(upper).  In  regime  A,  cos  9p  <  1.  Assuming  for  eq  7  that  =  -^02H 
=  we  write  the  general  expression  (eq  12a); 
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A  cos  e  =  cos  ^  +  (1  _  cos  9|sjp] 

=  ^  (cos  -  1) 

®C02H  <  9(,q^-  =  1) 


A  cos  9  =  ^  (cos  ®C02'^ 

(cos  a^Q  u  <  1;  cos  ej.Q  ^  <  cos  <  i) 


(12d) 


In  this  equation  ccs  is  the  contact  angle  of  water  on  an 

interface  containingonly  CO2H  groups  (^o-H  ~  ^002" 

contact  angle  on  an  interface  containing  only  CO2"  groups.  If  both 
CO2H  and  CO2"  groups  are  in  regime  B,  eq  12b  holds;  if  the  CO2H  group 
is  in  regime  A  and  the  CO2"  group  in  regime  B,  eq  12c  holds;  if  both 
groups  are  in  regime  A,  eq  12d  holds.  This  treatment  predicts  that 
as  cos  9p^  ^  decreases,  A  cos  9  should  also  decrease  (eq  12c)  and 
should,  for  sufficiently  polar  groups,  go  to  zero  (eq  12b).  Figure  3 
(lower)  summarizes  these  equations  schematically. 

We  note  that  the  relations  ( eq  IZa-d)  neglect  both  changes  in  Ap 
that  might  result  from  the  ionization  of  the  interfacial  groups  and 
contributions  from  the  energy  of  reaction  Both  of  these 

parameters  are  expected  to  influence  the  contact  angle  (eq  3  and  9). 
While  potential  changes  in  are  difficult  to  evaluate,  we  can 
estimate  the  contribution  to  contact  angle  from  by  quantifying  the 
relationship  between  and  pH.  The  free  energy  of  ionization  of  an 
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interfacial  acid,  AG^ ,  is  given  by  eq  13.  In  order  to  detennine  the 
total  amount  of  energy  resulting  from  the  partial  ionization  of  n 
surface  groups  at  any  given  pH  we  integrate  this  value  from  no 

ionization  of  interfacial  groups  (a  =  0)  to  the  extent  of  ionization 
existing  at  equilibrium  under  the  drop  {ay,  eq  14).^^ 


A3 .  =  -RT  In  K,  +  RT  In 
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-RT  in  K,  .  RT  mi  . 
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where  a  =  [A"]/ ([A']  +  [HA]) 
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If  we  assume  that  and  Y5j_  are  independent  of  pH,  eq  14  can  be 
combined  with  eq  3,  resulting  in  eq  15  and  16.  This  assumption  is 
probably  incorrect,  but  it  will  allow  the  contribution  to  changes  in 
due  to  to  be  distinguished  easily  from  changes  due  to  and 
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Using  eq  16,  we  can  predict  changes  in  9^  as  a  function  of  pH  due 
solely  to  the  free  energy  of  ioni zation.^^  This  prediction  is 
discussed  further  after  presentation  of  relevant  experimental  data. 

Tliese  discussions  are  based  on  the  assumption  of  a  system  showing 
no  kinetic  barriers  to  the  advance  or  retreat  of  the  drop  edge.  In 
fact,  all  of  the  derivatives  of  polyethylene  examined  show  pronounced 
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hysteresis.  For  example,  although  water  at  low  pH  reaches  a  staole, 
reproducible  advancing  angle  on  PE-CO2H  (dg  -  55°),  the  receding  angle 
is  6^  -  0°:  that  is,  the  drop  edge  is  completely  pinned  and  cannot  be 
withdrawn.  The  interface  of  PE~C02H  is  rough  and  certainly  chemically 
heterogeneous.  It  also  may  sv^ell  in  contact  with  water.  The  position 
of  the  drop  edge  and  the  value  of  the  contact  angle  may  thus  be 
influenced  by  kinetic  factors;  we  discuss  this  problem  of 
disentangling  kinetic  and  thermodynamic  determinants  of  cos  3  later. 


Results  and  Discussion 
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polyethylene  film  samples 

were  first  extracted  in  refluxing  methylene  chloride  to  remove 
antioxidants  and  other  film  additives.  The  samples  were  oxidized  in 

aqueous  chromic  acid  (Scheme  I).^  Scheme  I  summarizes  pathways  used  to 
derivatize  the  functionalized  interface.  Using  the  analytical  methods 
described  in  previous  papers  (XPS,  ATR-IR,  wetting)  we  estimate  that  the 
yields  in  conversion  of  carboxylic  acid  groups  into  esters  or  amides  exceed 
90%.  In  most  of  our  work,  the  ketone  groups  originally  generated  by  oxida¬ 
tion  are  left  unchanged.  They  may  also  be  reduced  to  alcohols  and  deriva- 
tized.  Figure  4  shows  typical  ATR-IR  spectra.  For  example,  PE-CO2H  has  a 
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Scheme  I.  Reactions  Used  to  Modify  the  Interface  of  Polyethylene 
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Figure  4.  ATR-IR  spectra  of  the  carbonyl  region  of  several 

derivatives  of  surface  modified  polyethylene.  Wave¬ 
numbers  indicated  are  those  representative  of  esters  (1740 
cin"^),  carboxylic  acids  and  ketones  (1710  on"^),  amides 
(1650  cm*^)  (C=0)  and  1540  cm"^  (NH)),  and  carboxylate 
anions  (1560  an'^).  The  peak  at  1640  on*^  for 
PE[>CH0H][CH2NH2]  results  from  an  NH2  scissoring 
vibration.  Because  absolute  absorbances  are  influenced  by 
many  experimental  parameters  (e.g.  the  extent  of  contact 
between  the  film  and  the  KRS-5  crystal)  only  relative  peak 
intensities  within  a  single  spectrum  can  be  compared 
quanti tatively. 


peak  at  1710  crt~  (carboxylic  acid  and  ketone/ al  dehyde 
functionality).  Follov/inj  treatment  with  aqueous  base  two  peaks  are 
present,  one  at  1710  ( ketone/ al dehyde)  and  a  second  at  1560  cm"* 

(carboxylate  anion).  When  the  CO2H  groups  in  the  interface  are 
esterified  and  form  PE!!C02CH2],  d  nev/  peak  appears  at  1740  cm'-*- 
(carooxylic  acid  ester);  the  spectrum  of  this  material  is  unchanged 
wnen  it  is  treated  with  base. 

These  spectra  are  for  the  most  part  self-explanatory.  T;ie 
spectrum  of  PE[>CH0H][CH2NH2]  may  require  some  discussion.  We 
attribute  the  absorbance  at  1640  cm"*  to  the  NH2  scissoring  vibration 
and  believe  tliat  the  absence  of  a  significant  peak  at  1540  cm"^ 
indicates  that  most  of  the  amide  NH  groups  have  disappeared.  The 
presence  of  NH2  groups  in  this  interface  is  confirmed  by  reaction  of 
PEl>CH0H]LCH2NH2]  with  dansyl  chloride  (see  below).  The  resulting 
material,  PE[>CH0Hj[CH2NH2-dansyl ] ,  is  fluorescent^  and  exhibits  a 
curve  in  contact  angle  titration  similar  to  other  interfaces  that 
contain  dansyl  groups  (see  below).  Dansyl  chloride  does  not  react 

on 

wich  aliphatic  alconols,  and,  when  allowed  to  react  with 
PE/>CH0Hj[CH20H] ,  no  fluorescence  or  inflection  in  contact  angle 
titration  is  observed. 

All  of  the  methods  used  to  characterize  the  derivatives  of 
PE-C32H  are  only  semi -quanti  tati ve,  but  based  on  them  we  believe  that 
most  of  tne  transformations  used  tiere  proceed  in  yields  sufficiently 
high  that  tne  functional  groups  introduced  by  ttie  transformation  are 
the  primary  functionality  present  on  the  surface.  We  have  endeavored 
to  ensure  that  when  other  species  are  present  in  the  interface  as 
contaminants  (due  to  low  yields  or  side  reactions)  they  are  not 
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ionizdble  species.  Far  example,  the  reaction  of  PE[C02CH3]  with 
riH2CH2CH2NH2  generates  a  material  that  shows  primarily  amide 
adsorption  in  the  ATR-IR  spectrum  (1550  cm”^)  although  some  methyl 
ester  (  1740  cm'*)  remains  (Figure  4).  Tiese  remaining  esters  are 
prooaoly  below  the  6  interphase  of  the  polymer.  Even  if  they  are 
present  in  the  a  incerphase,  we  do  not  expect  them  to  influence  tne  pH 
dependence  of  the  contact  angle  (see  below).  They  can,  of  course, 
influence  the  magnitude  of  the  pH-independent  component  of  the  contact 
angl e . 

Contact  Angle  Titration.  The  experimental  techniques  used  in 
measuring  the  advancing  contact  angle  (6^)  4S  a  function  of  pH  on 
PE-CO2H  and  derivatives  have  been  described  elsewnere.^  We  emphasize 
tne  importance  of  using  buffered  solutions,  and  of  carrying  out 
neasurements  in  an  atmosphere  maintained  at  100%  relative  humidity. 

Certain  of  the  contact  angle  titrations  involved  interfaces 
having  relatively  small  values  of  between  the  ionized  and 
unionized  fonm.  To  provide  a  sense  for  the  reproducibility  of  contact 
angle  measurements,  ue  performed  a  contact  angle  titration  on  a  single 
type  of  surface,  PE[C0NHCH( C02H)CH2C02Hj ,  which  was  synthesized  and 
examined  on  four  different  occasions.  Figure  5  shows  the  individual 
contact  angle  measuremencs  determined  at  pH  1  and  pH  13  (all  integral 
values  of  pH  between  1  and  14  were  examined  and  had  similar 
reproducibility)  on  the  four  different  samples.  From  die  scatistics 
obcained  from  this  (Figure  5)  and  otiier  experiments,  we  conclude  that 
contact  angle  measurements  are  reproducible  from  sample  to  sample  d5°, 
and  on  a  given  sample  +3°.  The  advancing  angles  were  reproduc i bl e  ,  and 
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Figure  5.  Examination  of  the  types  of  errors  observed  in  contact 

angle  measurments.  The  contact  angle  (pH  1  and  pH  13)  was 
determined  on  four  samples  of 

PE[>C=OJ[CONHCH(C02H)CH2C02H]  independently  synthesized 
and  examined  on  four  different  occasions.  Each  point 
represents  a  separate  measurement  of  contact  angle  using  a 
new  drop  of  water  and  a  new  region  of  the  interface.  The 
average  and  the  associated  error  for  each  trial,  along 
with  the  change  in  cos  9  between  pH  1  and  pH  13,  is  also 
indicated  for  each  trial.  The  overall  average  and 
associated  error  are  also  reported  for  each  pH. 
fleasunnents  of  9^  at  other  values  of  pH  between  1  and  14 
nad  similar  reproducibility,  as  did  measui  ements  using 
differ°"t  samples. 


surprisingly  stable.  The  contact  angle  of  a  number  of  aqueous  drops  on 
the  surface  of  PE-CO2H  was  constant  for  more  than  one  hour  when  the 
chamber  in  which  the  sample  was  examined  was  maintained  at  100%  relative 
humidity.”^  Tapping  the  sample  to  jar  the  drop  had  no  significant  effect. 
Even  tilting  the  sample  had  only  a  small  influence  on  contact  angle 
(Figure  6).  The  drops  used  in  all  our  work  (1  fii,  R  -1  mm)  were  small 
compared  with  the  capillary  length^^  -  3  mm;  for  these  drops, 
gravitational  effects  are  not  important.  For  larger  drops  (10-50  /it),  the 
advancing  contact  angle  (pH  1)  on  PE-C02H  was  still  relatively  unchanged 
(±5°). 

We  have  surveyed  the  hysteresis^^  of  a  range  of  samples  representing 
different  polarities  by  drawing  liquid  back  into  a  syringe  in  contdct  with 
the  drop  and  reading  5^.  when  the  drop  edge  had  stopped  receding.  We  have 
arbitrarily  plotted  these  results  against  the  llansch  tt  parameter  (see 
below)  characteristic  for  that  substituent  (Figure  7).21  All  samples, 
including  those  with  nonpolar  interfaces,  show  hysteresis. 

Non-Ionizing  Functionalities.  Table  I  gives  advancing  contact  angles 
for  a  range  of  functional  groups  R  in  the  contact  angle  interphase  of 
PE[R].  None  of  these  groups  change  their  state  of  ionization  over  the  pH 
range  1-13.  Even  incorporation  of  very  polar,  hydrophilic  groups  such  as 
N-acylgl ucosamine,  sulfate,  and  sulfonate  into  the  interphase  does  not 
yield  systems  showing  complete  wetting. 


Fiyure  6. 


Influence  of  tilting  the  sample  (PE[>CH0Hj[CH2OH];  pH  1) 
on  the  contact  angle  0.  Drops  were  tilted  while  under 
100%  humidity.  The  drop  did  not  move  along  a  surface 
tilted  to  45”  or  60°  from  normal. 


Figure  7.  Advancing  (0,)  and  receding  (0  )  contact  angles  of  water 


(pti  1  (except  for  PE[C02"]:  pH  13))  on  samples  of 


functionalized  polyethylene  with  a  range  of  polarities  in 


the  contact  angle  interphase.  Samples  shown:  PE[C02"], 
w  =  -4.4;  PE[C0NHNH2],  n  =  -1.92;  PE[>CH0H][CH20H] , 

=  -1.13;  PE[C02Hj,  a  =  -0.72;  PE[C02CH3],  n  =  -0.01; 
PE-02CgH^7,  T»  =  0.55;  PE-[>CH0C0R][CH20C0R]  ,  R  =  C^7H35. 
Ti  =  0.55;  R  =  CF3,  It  =  0.5  (estimate);  R  =  C7F^7, 


Ti  =  0.88. 


Table  I.  Contact  angle  of  water  on  interfaces  containing  no  functional  groups 
whose  state  of  ionization  changes  with 


Code 

Samol  e 

ia 

Code 

Samol  e 

la 

1 

PE-H  (unoxidized) 

103 

Ajnides 

Este-'s 

2 

PECCONH-gl uCQsej 

20 

18 

PE[C02CH3] 

90 

3 

PE[C0rJHCH2CH20H] 

40 

19 

PECCOgCHgCHgBr] 

97 

a 

PELCONH2J 

50 

20 

PECCO2CH2CH3] 

103 

5 

PECCONHCH3] 

49 

21 

PE[C02(CH2)2CH3] 

107 

5 

PE[C0N1CH3;2J 

53 

22 

PElC02CH( 083)3] 

110 

7 

PE[C0riHCH(CH2CH2CH3)2] 

91 

23 

PE[C02( 082)3083] 

115 

3 

PECC0NHCH(CH2(CH3)2)2] 

100 

24 

PELC02C8(CH3)C82083j 

115 

9 

PE[CONHCH2-(c-CgH33)] 

103 

25 

PECC02( 082)5083] 

123 

10 

PECCONKNHCOC^H23] 

no 

26 

PE[C02( 083)7083] 

125 

11 

PECCONHCgHg] 

113 

12 

PECCUNHCgH^j] 

114 

Others  (always  ionized) 

1 

27 

PE[C0N8C82C82S03'] 

32 

Alcohol  Derivatives^ 

28 

PE[C0NHC82C820S03'] 

36 

13 

PECCH2OH]  (=PE[>CH0H][CH20H]) 

68 

14 

PECCH20C0{CH2)^gCH3] 

123 

15 

PECCH2OCQCF3] 

126 

16 

PECCH20C0{CF2)2CF3] 

134 

17 

PECCHgOCOICFgjgCFg] 

141 

—  The  alcohol  derived  surfaces  actually  contain  esters  formed  from  primary  and 
secondary  hydroxy  groups  derived  from  the  reduction  of  carboxyl rc  acid  and 
ketone  groups,  respectively. 

—  Amides  were  either  prepared  by  reaction  of  PE-COCl  with  RNHt  and 

methyl,  dimethyl,  and  octyl  amines)  or  by  reaction  of  PE-COoCHt  with  RTIH.,, 
esters  were  prepared  by  acid-catalyzed  esterification  of  PE-COoii;  alconoT 
derivatives  were  obtained  by  reaction  of  PE-CH2OH  with  acid  chTorides  or 
anhydr ides . 
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Equations  9  and  10  provide  a  rationalization  for  this  lower  limit  to 
contact  angle,  as  well  as  an  interesting  implication  for  efforts  to  design 
fully  wettable  surfaces  derived  from  PE-CO2H.  In  the  plateau  region  of 
Figure  3  (top),  increasing  the  polarity  of  R  has  no  influence  on  8 
(although  it  might  influence  behavior  in  "dry  spreading") .  13  jf,g 
practical  method  to  increase  the  wetting  of  the  ingerface  beyond  the 
plateau  value  appears  to  be  to  increase  Ap,  either  by  increasing  the 
extent  of  functionalization  of  the  interface,  or  by  increasing  the  size  of 
the  polar  substituents  R  so  that  they  occupy  a  larger  area  fraction  of  the 
interface  sensed  by  the  wetting  liquid. 


Figure  8  shows  the  contact  angle  on  a  series  of  interfaces 


modified  by  formation  of  esters  with  oligomeric  polyethylene  glycols 
PElC02(CH2CH20)^H].  These  experiments  are  designed  to  test  the 
hypothesis  that  large  groups  have  a  larger  influence  on  than  do 
small  groups  with  similar  hydrophi 1 icity.  As  the  length  of  the 
poly(ethylene  glycol)  (PEG)  chain  increases  over  the  interval  n  =  1  to 
n  =  14,  9^  decreases.  Above  n  =  14,  hov/ever,  9^  increases  slowly  with 
n.  We  attrtouta  the  decrease  in  9^  between  n  ~  1  and  n  =  14  to  the 

Cl 

effects  of  size:  increases  as  n  increases,  and  the  contact  angle 

drops  as  nonpolar  regions  of  the  interface  are  covered  by  the  polar 
chains.  We  suggest  that  the  increase  in  9^  for  n  >  14  can  be 
attributed  to  a  slight  decrease  in  the  average  polarity  of  the  PEG 
group  as  n  increases.  The  OH  group  at  the  end  of  each  chain  is 
appreciably  more  hydrophilic  than  the  ether  units, and  increasing 
the  chain  length  lowers  the  overall  polarity.  For  small  values  of  n 
the  increased  area  ^  is  more  important,  but  as  n  increases  the 
predominance  of  the  ether  groups  outweighs  the  increase  in  area.^^ 


Size  (n) 

Figure  8.  The  influence  of  the  size  of  the  polar  group  ^  on  the 
contact  angle  (pH  1).  All  samples  were  esters  of 
poIy( ethylene  glycol),  PE[C02(^2*'^2*^^n^^» 
determined  by  the  length  of  the  ether  chain,  n.  Note: 

The  abscissa  undergoes  a  change  in  scale  after  n  =  15. 

The  interfaces  were  prepared  by  reaction  of  PE[C0C1]  with 
the  appropriate  oligomer  or  polymer.  For  n  =  1  to  n  =  4 
the  pure,  neat  liquids  were  used  as  reactants;  for  n  >  4, 
molecular  weight  mixtures  were  used,  with  n  indicative  of 
the  average  molecular  weight;  for  n  >  14,  the  reaction 
between  PE[C0C1]  and  the  polymer  was  carried  out  in 
acetone  since  the  polymers  were  solids. 


21 


From  these  and  other  experiments,  it  appears  that  it  is  possible  to 
reduce  the  contact  angle  on  these  types  of  interfaces  by  increasing  the 
effective  area  covered  by  polar  molecules.  We  have  not  been  able  to 
generate  a  surface  from  PE-CO2H  that  has  9^  =  0,  even  when  large,  polar 
polymers  (such  as  poly(acrylic  acid))  have  been  attached  to  the 
interface. This  failure  may  be  due  in  part  to  crystalline,  oxidation- 
resistant  regions  of  the  interface  having  dimensions  of  0.01  to  0.1 
If  (relatively)  unfunctionalized  regions  of  this  geometry  are  present  in 
the  interface,  it  would  be  difficulty  or  impossible  to  cover  them 
completely  with  individual  molecules  attached  to  the  polar  regions  of  the 
interface. 


Carbox^^c_^Aci^ds .  Figure  9  summarizes  contact  angla  titrations 
of  a  number  of  derivatives  of  PE-CO2H  having  carboxylic  acid  groups  in 
the  functionalized  interface.  All  of  these  materials  having 
monocarboxyl ic  acid  functionalities  show  a  pH  dependence  of  the 
contact  angle  that  is  qualitatively  similar  to  that  of  PE-CO2H. 

The  width  of  the  inflection  (4-5  pH  units)  is  similar  for  all  monoacids 
(although  di-  and  tri-acids  are  broader);  the  magnitude  of  the 
difference  between  low  and  high  value  of  pH  is  also  similar. 

The  acidity  of  carboxylic  acid  groups  is  low  on  interfaces  that 
have  low  polarity  as  a  result  of  intentional  inclusion  of  non-polar 
functions:  examples  of  representative  values  of  value  of 

solution  pH  at  which  the  contact  angle  has  a  value  midway  (in  terms 
of  cos  9^)  between  those  of  the  high  and  low  pH  plateaus)  include 


Figure  9. 


Contact  angle  titration  for  interfaces  containing 
carboxylic  acid  groups.  All  curves  are  to  the  same 
vertical  scale.  The  limiting  values  of  the  contact  angle 
and  the  values  of  Pjli/2  shown  for  each  interface. 
Following  the  structures  summarizing  the  functional  groups 
in  the  interface  are  values  for  the  changes  in  0^  on 
ionization  and  for  A  cos  0^.  The  inflection  at  pH  10.5 
for  PE-[>C=0]CCONHNHCOCF2CF2C02H]  is  due  to  ionization  of 
the  NHCOCF2  proton.  The  number  to  the  left  of  the 
structure  is  used  for  identification  in  later  figures. 
Structures  derived  from  PE[>CH0H][CH20H]  are  abbreviated 
with  an  *:  PE[*][CH20R]  =  PEC>CH0R][CH20R]. 


mm 


*.  S' 
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PE[>CH0H][C02H],  7.5;  PE[>C=0] [CO2H] ,  7.5;  PE[>CH0C0CF3] [CO2H] ,  8.0; 
PE[>CH0C0C8H7][C02H],  10.  This  effect  can  be  attributed  in  major  part  to 
an  increase  in  the  difficulty  of  ionization  (and  thus  an  increase  in 
pl<l/2)  of  the  CO2H  groups  as  the  local  polarity  they  experience 
decreases .  ^ 

The  relationship  between  (that  is,  the  contact  angle  on  the 

protonated  form  of  the  interface)  and  A  cos  instructive  (Figure  10): 

As  flpH  1  decreases,  A  cos  ^a  decreases.  This  relationship  is 
consistent  with  eq  12c. 

We  noce  that  A  cos  6^  changes  significantly  for  interfaces  in 
which  the  nature  of  the  ionizing  group  is  unchanged  ( PE[>CHOH][C02H] , 

A  cos  9a  =  -0.34;  PE[>CH0C0CF3]LC02H],  A  cos  63  =  -0.57; 
PE[>CH0C0C^^H23][C02H],  A  cos  9^  =  -0.59).  This  observation  indicates 
that  the  nature  of  the  functional  groups  surrounding  the  carboxylic 
acid  group  influences  the  inagnitude  of  A  cos  9^,  and  that  the 

contributions  of  functional  groups  to  interfacial  free  energies  are 
cooperative,  rather  than  independent  as  assumed  in  eq  7. 

Model  Systems:  Oriented  Organic  Monolayers.  PE-COoH  is  a 
complex  system:  interpretation  of  its  wetting  behavior  is  difficult 
because  evidence  concerning  the  molecular-scale  structure  of  its  9 

interphase  is  inferential.  We  have,  in  a  related  project, examined  in 
detail  the  properties  of  oriented  organic  monolayers  of  thiols  having  the 
structures  HS(CH2)nC02H  and  HS(CH2)nCH3  adsorbed  on  thin  gold  films.  Here 
we  summarize  several  conclusions  concerning  their  structure  and  describe  a 


Correlation  between  0^  ^  (the  contact  angle  on  the 

unionized  surface)  and  A  cos  0,  for  the  interfaces  listed 

a 

in  Figure  9.  The  labels  correspond  to  the  labels  used  in 
Figure  9.  The  filled  points  (  •  )  represent  interfaces 
made  in  two  or  fewer  synthetic  steps;  open  symbols  (  O  ) 
represent  surfaces  made  in  four  or  more  synthetic  steps. 
These  latter  points  may  have  a  lower  surface  density  of 
COpH  groups  due  to  low  yields  in  the  syntheses. 
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number  of  data  rele\'ant  to  their  behavior  in  contact  angle  titration. 

These  data  are  useful  in  interpreting  the  more  extensive  data  for  PE-CO2H 
and  its  derivatives. 

Long-chain  alkyl  thiols  functionalized  in  she  '.^-position  with  a 
number  of  organic  groups  adsorb  spontaneously  on  gold  and  form 
c-’iented  monolayer  films  (Figure  11).  The  packing  density  of  these 
films  is  high,  and  the  component  thiols  hignly  ori ented . The 
oxidation  state  of  the  sulfur  vdien  adsorbed  is  still  not  unambiguously 
estaol i shed;  here  we  write  it  simply  as  thiol  (SH).“^  We  and  several 
other  groups  working  on  these  systems  have  concluded  that  the  alkyl 

chains  are  fully  extended,  with  densities  similar  to  that  expected  for  a 
crystalline  sheet, ^0  and  have  significant  crystalline  order. They 
provide  the  most  highly  ordered  system  presently  applicable  to  the  study  0 
tne  physical -organic  chemistry  of  interfaces.  Figure  12  summarizes 
observations  made  on  the  wettability  of  films  prepared  by  adsorption 
of  mixtures  of  HS( CH2) ^5C02H  and  HS(CH2)^5CH3  on  gold.  The  mole 
fraction  x  of  the  carboxylic  acid  component  in  this  inixture  refers  to 

the  sol ution  value.  (X-ray  photoelectron  spectra  suggest  that  surface 


acid  mole  fraction  in  mixed  monolayers  is  less  than  the  solution  value; 
however,  the  exact  surface  composition  is  not  critical  in  our 
analysis  below.)  Because  CH3  and  CO2H  groups  are  similar  in  size,^^ 

Xi  -  Ai  (eq  9).  Several  observations  are  relevant  to  the 


behavior  of  PE-CO2H.  rirst,  wnen 
completely  wettaole  at  both  pH  1  and  13. 


1,  the  interface  is 
Thus,  an  interface  composed 


of  closely  packed  CO2H  groups  is  completely  wetted  (cos  =  1,  eq 

10).  For  intermediate  values  of  x,  the  contact  angle  at  pH  13  is 


lower  than  the  contact  angle  at  pH  1,  the  difference  presumably  being 
due  to  ionization  of  the  interfacial  carboxylic  acid  groups  at  high 
pH.  Second,  the  hysteresis  in  this  syscan,  although  large,  ib 
significantly  less  than  that  observed  for  PE-CO2H.  Tilting  the 
sample,  however,  still  does  not  cause  the  drop  to  roll  down  the  plate, 
as  with  PE-CO2H.  The  magnitude  of  the  hysteresis  for  measurements  at  pH  1 
appears  to  be  independent  of  the  polarity  of  the  interface:  cos  -  cos 
-  0.15  at  X  =  0  and  at  x  =  0-8.  For  measurements  at  pH  13,  the 
hysteresis  increases  as  XCO2H  increases,  until  the  receding  angle  is  zero. 
Third,  the  contact  angle  titration  curve  at  x  =  0-6  (Figure  13, 

selected  because  0^  pH  1  approximately  equal  to  that  for  PE-CO2H) 

is,  in  some  respects,  similar  to  that  observed  for  PE-CO2H:  in 

particular,  the  values  of  0p^  ^  and  are  similar  for  the  two 

systems.  The  carboxylic  acid  groups  in  the  monolayer  are,  however, 

significantly  less  acidic  than  those  for  PE-CO2H  (Pj<i/2  >  H)*  IT  is 

33 

also  unclear  whether  the  contact  angle  reaches  a  plateau  at  high  pH. 

To  help  evaluate  the  importance  of  contributions  from  to  the 
change  in  0^  on  this  interface.  Figure  13  also  includes  a  plot  of  0^ 
as  a  function  of  pH  derived  using  eq  16  assuming  the  interfacial  pj^  = 

11.  This  plot  also  assumes  that  the  density  of  carboxylic  acid  groups 

in  the  0  interpliase  is  equivalent  to  that  in  a  close  packed  stearic 
acid  crystal, 5  x  10^^  cm"^,  reduced  by  the  mole  fraction  of  acid 
groups  present  in  the  monolayer  (assumed  to  be  equal  to  mole  fraction  in 
solution,  0.6)  to  yield  n  =  3  x  IqI'^  cm"^.  In  this  analysis,  the  drop  in 

as  the  pH  increases  is  due  solely  to  the  entropy  of  dilution  of  the 

proton  that  is  released  upon  ionization.  Although  eq  16  clearly  does  not 


X  =0.6 

PE-C02H 

X  =1.0 


jr  surfaces  containing 

^C02H  “  ^  » 

The  contact  angle 


describe  quantitatively  the  behavior  of  either  PE-CO2H  or  the  monolayer 
system,  it  does  indicate  that  the  free  energy  of  ionization  is  in 


principle  sufficiently  large  to  influence  8^. 

It  is  important  to  later  discussions  to  note  that  cos  '^202H 
1  only  close  to  =  1,  while  cos  — ►  1  dt  -  0.7.  The 

difference  between  these  two  intercepts  is  that  expected  qualitatively 
on  tne  basis  of  hydropni 1 icity .  Moreover,  the  question  of  wnether 
cos  =  1  (eq  12)  in  the  environment  provided  by  PE-CO2H  is, 

however,  not  una:nbiguously  answered  from  these  experiments,  since  the 
polarity  experienced  by  CO2H  in  a  monolayer  and  on  a  hypothetical 
perfectly  functionalized  polyethylene  interface  may  not  be  the  same. 

The  data  in  Figure  12,  in  conjunction  with  data  from  PE-CO2H. 
raise  certain  questions  about  the  model  used  in  deriving  eqs  2-12, 
and  especially  about  the  assumption  that  the  contributions  of 
functional  groups  to  interfacial  free  energies  are  linearly 
independent  (eq  4,  5).  An  ordered  monolayer  interface  composed  only 
of  CO2H  groups  (Figure  12,  x  =  1.0  -  has  0^  =  0°.  This  result 

suggests  that  this  interface  has  a  significant  amount  of  adsorbed 
water:  that  is,  Y5Y  -  Thus,  the  carboxylic  acid  groups  on 

t!iis  interface  fall  into  the  range  of  functional  group  hydrophi  1  ici  ty 
wnere  increased  hydrophi 1 icity  should  have  no  influence  on  9^  or  cos 

a 

9^  (Figure  3,  regime  B) .  In  fact,  hov/ever,  the  observed  value  of  9^ 
on  interfaces  with  x^g^q  <  1  is  lower  at  pH  13  than  at  pH  1.  There 
are  two  possible  explanations  for  this  behavior.  First,  the  decrease 


in  9^  at  high  pH  is  due  to  the  energy  of  ionization  (Figure  13,  9^),  a 
possibility  Chat  we  cannot  presently  disprove.  Second,  the  amount  of 
v/ater  adsorbed  on  the  CO2H  groups  is  less  when  surrounded  by 
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hydrophobic  methyl  groups  than  when  surrounded  by  CO2H  groups.  Thus, 
when  Xqo^H  ^  carboxylic  acid  groups  may  not,  in  fact,  be  polar 

enough  to  have  a  thick  layer  of  adsorbed  water.  Conversion  of  these 
carboxylic  acid  groups  into  carboxylate  anions  could  tnen  result  in 
the  observed  decrease  in  9^.  We  note  that  this  second  explanation  is 
consistent  witn  data  from  PE-CO2H  and  derivatives. 

We  conclude  from  the  similarities  between  tlie  contact  angle 
titration  curves  for  PE-CO2H  and  the  oriented  thiol  monolayers  that 
the  behavior  of  the  former  is  not  unexpected  for  an  interface 
containing  a  mixture  of  ionizabla  CO2H  and  non-ioni zable,  non-polar 
functionality,  and  is  not  predominately  an  artifact  of  swelling  or 
reconstruction  in  the  complex  polymer  interface  (although  these 
phenomena  probably  are  important  in  determining  hysteresis).  The 
important  observation  that  the  values  of  9^  are  similar  on  rough, 
heterogeneous  PE-CO2H  and  on  relatively  flat,  homogeneous  monolayer 
systems  that  plausibly  simulate  the  mixture  of  functionality  present 
in  the  polymer  interface  (x  -  0.5),  but  that  hysteresis  is  relatively 
much  smaller  on  the  monolayer  than  on  the  polymer,  implies  that  the 
observed  values  of  contact  angle  on  the  polymer  are  close  to 
equilibrium  values.  How  it  is  possible  to  obtain  quasiequilibrium 
values  from  a  system  in  which  high  hysteresis  implies  important  non¬ 
equilibrium  determinants  to  v^etting,  and  what  combination  of 
thermodynamic  and  kinetic  factors  (in  detail)  fixes  the  observed 
values  of  9,,  remains  to  be  established. 

d 

Anines.  '4  summarizes  the  results  or  ccntec"  angle 

titration  on  amine-containing  interfaces.  All  of  the  interfaces  in 
this  figure  (and  most  simple  secondary  tertiary  amines)  yield 
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changes  in  the  contact  angle  as  a  function  of  pH;  interfaces  containing 
other  types  of  amine  groups  (especially  primary  amines),  do  not  (see 
below).  The  form  of  the  curve  of  8^  vs  pH  is  the  reverse  of  that  obtained 
with  interfaces  containing  carboxylic  acid  groups:  the  contact  angle 
increases  on  going  from  lew  to  high  pH.  This  result  is  expected  for  an 
interface  containing  basic  species  that  are  more  hydrophilic  in  the 
charged,  protonated  form  (NHR3+)  than  in  the  neutral,  deprotonated  form 


(NR3) 


rhe  Pj<j/2  interfaces  summarized  in  Figure  14  is 


significantly  lower  than  the  pj^  of  the  corresponding  soluble 
species.  This  result  is  the  opposite  of  that  for  the  carboxylic  acid 
interfaces,  for  which  the  Pi<y2  always  higher  than  the  pj^  of  the 
soluble  analog.  We  attribute  the  shift  in  pKi/2  relative  to  the  analogous 
solution  p^3  in  the  interfaces  containing  both  carboxylic  acids  and  amines 
to  the  difficulty  associated  with  creating  a  charged  group  at  the 
interface  (due  to  a  low  local  dielectric  constant  and  perhaps  to 
chargu-charge  interactions). 

The  four  amine-containing  interfaces  that  did  not  display  any  change 
in  the  contact  angle  with  water  as  a  function  of  pH  (Figure  15)--three 
containing  CH2NH2  groups  and  one  a  pyridine--were  made  by  independent 
methods  (Scheme  I)  to  minimize  the  chance  that  a  synthetic  artifact 
(failure  of  a  synthesis,  interfacia!  reconstruction  during  synthesis)  was 
responsible  for  the  surprising  absence  of  an  inflection  in  the  titration 
curves.  All  have  a  relatively  low  contact  angle  that  is  independent  of  pH 
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pH 


95  Ml.  PE[>C=01IC0NHCHjCHjN(CH3)j1 
(-21,  0.36) 

>77  M2.  PE[>C=01[C0NH(CH3)CH2CH2NHCH,1 
(-23.  0.36) 

52  M3.  PE(>C=0][C0NHCH2CH2H(CHj),-^  1 

164  ^ 

M4.  PE[>C=OI(CONMCHjCHjN^O| 

(-24,  0.33) 

78  M5.  PEI>C=01[C0NHCHj-^Nl 

(-15.  0.25) 

50  M6.  PEl>CHOHl[CHjNH-Dansyll 

(-14,  0.20) 

M7.  PE[>C=01lC0NH(CHj)5NH-Dansyll 
(-15,  0.24) 

MB.  PE(>C=0)[C0NHNH2l 

53  /  rtn  n 


(-20,  0.27) 
Dansyl  =  SOj 


~8-N(CH3) 


Figure  14.  Advancing  contact  angle  0^  as  a  function  of  pH  for 

interfaces  containing  amine  moieties.  Each  curve  shows 
values  of  9^  at  high  and  low  pH,  and  the  values  of 
p£i/2-  Following  the  structure  summarizing  the  functional 
groups  in  the  interface  are  values  for  the  change  in  0,  on 

a 

ionization  and  for  a  cos  0,.  The  number  to  the  left  of 

a 

the  structure  is  for  identification  in  later  figures. 


Figure  15.  Contact  angle  titration  of  four  ainine-  and  pyridine- 

containing  interfaces  that  show  no  dependence  of  9^  on  pH, 
together  with  contact  angle  titrations  for  derivatives  of 
these  substances.  The  data  for  PE[>CH0H][CH2NH2]  and 
PE[>C=0JCC0NHCH2CH2NH2]  summarize  data  both  from  a  number 
of  replicate  titrations  and  for  materials  prepared  by 
different  synthetic  methods  (seven  titrations  and  one 
synthetic  method  for  the  former;  nine  titrations  and  two 
different  synthetic  methods  for  the  latter).  The  scatter 
in  the  data  shown  for  these  two  samples  is  indicative  of 
the  magnitude  of  the  variation  in  different  experiments, 
rather  than  the  smaller  scatter  in  one  experiment. 
Individual  experiments  gave  data  of  the  sort  shown  for 
PE[>C=0][CH2NH2],  but  the  plot  shifted  up  or  down  for 
different  samples.  A  second  derivative  of 
PE[>CH0H][CH2NH2]  was  made  by  reacting  it  with  dansyl 
chloride,  a  material  that  does  not  react  with  aliphatic 
alcohol s.^^  The  titration  curve  for  this  interface  is 
shown  in  Figure  14  (M6).  The  structure  shown  as 
PE[*][CH2nHR]  is  an  abbreviation  for  PE[>CH0R][CH2NHR]. 


PE[>C=0JLCH2^JH2]  was  prapared  by  reaction  of  PE[>C=0][CH2C02H]  with 
in  sulfuric  acid-chloroform.  The  interface  of  this  material  may 
have  reconstructed  partial ly  under  the  conditions  employed  (CHCl^,  50 
°C,  1  h) ;  reconstruction  would  result  in  a  decrease  in 
PEl>CH0H][CH2NH2]  was  prepared  by  initial  reaction  of  PE[C0C1]  with 
NH^OH  to  form  PEl>C=0][C0NH2],  followed  by  reduction  of  both  amide  and 
ketone  groups.^  PE[>C=0J[C0NHCH2CH2NH2]  was  made  either  by 
esterifying  PE[>C=0]CC02H]  in  methanol  and  forming  PE[>C=0][C02CH2] 
and  allowing  this  interface  to  react  with  ethyl enedi amine,  or  by 
causing  PE[C0C1]  to  react  with  ethyl enedi amine .  The  ketone  groups  are 
prubaoly  still  present  after  these  transformations,  but  we  have  not 
characterized  them  explicitly.  The  interfaces  made  by  these  two 
synthetic  routes  are  indistinguishable.  PE[>C=0][C0NHpyr]  was 
prepared  by  reaction  of  PEC>C=0]lC0C1  ]  with  _2.~aminopyridine . 

The  fact  that  none  of  these  samples  show  a  pH  dependence  of  the 
contact  angle  establishes  that  this  property  is  not  simply  an  artifact 
of  a  single  synthetic  method.  ATR-IR  spectra  of  samples  containing 


CH2NH2  groups  suggest  that  amine  functionalities 

comprise  a  significant  portion  of  the  functional  groups  present  in  the 
functionalized  interfaces  (based  on  the  ATR-IR  peaks  at  3350  cm"^  (NH 
and  OH)  and  1640  cm“^  (NH2  scissor)  (Figure  4)  and  1120  cm'* 

O  C 

(C-il)).  In  order  to  prove,  however,  that  the  amine  groups  are 
present  in  the  9  interphase  and  actually  do  not  influence  the  contact 


angle  (although  secondary  and  tertiary  amines  do  so),  v;e  converted 
them  to  ne\^  functionalities  (CH2NHSO2R  and  CH2NHCOCF3) ,  both 
sufficiently  acidic  to  deprotonate  in  an  accessible  range  of  pH.  The 
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resulting  amides  display  the  expected  dependence  of  contact  angle  on 
pH  (Figure  15).  In  addition,  PE[>C=0]CCH2flH2]  was  allowed  to  react 
with  lauroyl  chloride.  The  resulting  interface  was  hydrophooic  (6^  > 
100°),  presumably  as  a  result  of  forming  PEl>C=0][CH2NHC0C^j^H23]. 

Thus,  unless  these  interfaces  reconstructed  during  these  reactions  to 
bring  "buried"  amine  groups  into  the  9  interphase,  we  conclude  tnat 
amines  are  present  in  the  9  interphase  but  do  not  change 
hydrophi 1 icity  with  pH.  We  believe  reconstruction  of  the  interface 
during  reaction  to  be  unlikely:  CH3SO2CI  does  not  appreciably  swell 
polyethylene  at  room  temperature,  and  even  in  solvents  that  swell 
polyethylene  (methylene  chloride,  toluene)  reconstruction  typically 
results  in  the  loss  of  functionality  from  the  contact  angle  interphase 
to  the  interior.^ 

Why  is  the  wetting  of  the  three  interphases  containing  CH2NH2 
groups  independent  of  pH?  We  propose  that  these  groups  have  reacned  a 
limit  in  hydrophi  1  icity  and  that  conversion  of  CH2NH2  to  CH2NH3'''  does 
not  appreciably  increase  the  hydrophil icity  of  the  interface  (that  is, 
that  cos  9p  -  1  for  both  CH2NH2  and  CH2MH2''’  (eq  8,9)).  This  proposal 
is  justified  in  detail  below.  We  note  here,  however,  that  a  plot  of 
t  cos  vs  cos  all  the  amine-containing  interfaces 

examined  (Figure  16)  shows  a  general  trend  similar  to  that  observed  for 
carboxylic  acid  containing  interfaces  (Figure  10):  A  cos  9^  decreases 
with  cos  Sg  for  the  unionized  interface. 

Other  lorn  zing  Functional  Groups.  We  have  surveyed  interfaces 
containing  several  other  ionizable  functional  groups  (Figure  17).  All 
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Figure  16 
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.  Correlation  between  the  contact  angle  at  pH  13  (the 
contact  angle  on  the  unionized  interface)  and  the  change 
in  contact  angle  upon  ionization  for  aini ne-containi ng 
interfaces  shown  in  Figures  14  and  15.  The  labels 
correspond  to  the  labels  used  in  those  figures.  The  solid 
line  represents  a  least  squares  fit  to  only  those  samples 
that  showed  a  change  in  9^  with  pH  (4  cos  9^  ^  0°;  •  , 

O  ).  The  open  symbol  (O  )  represents  an  interface 
requiring  four  syntiietic  steps  and  thus  may  have  a  lower 
interfacial  density  of  amine  moieties  than  the  other 
interfaces.  The  value  of  cos  9p|^  g  was  used  in  place  of 
cos  Opij  for  the  interfaces  that  contained  an  acidic 
group  in  addition  to  the  amine  function  {M6,  M7,  Figure 
14). 


100 -O 


'a  ea 


.40  R1.  PE[>C=01(C0NHCH,CH,SH1 
(DIsullIdu?) 


R2.  PEl>C=011C0NHNHC0CF3l 
/  (46,  -0.76) 


•  ^  ‘  \  R3.  PE(>C=0|[C0NH-Ol 

y  (23,-0.32)  M 

^30 


R4.  PE[>C=O)[C0NH'<f3’ 

y  (46,  -0.71)  y-' 


R5.  PE[>C=0][C0NHCHjCHjP0(0H),l 
^  (23,  -0.35) 


R6.  PE[>C=OI[CONHCHjCH,OPO(OH),l 
°  33  (12,  -0.15;  6,  -0.06) 


Figure  17. 
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Advancing  contact  angle  9^  as  a  function  of  pH  for 
interfaces  containing  a  variety  of  ionizable  functional 
groups.  Each  curve  shows  values  of  9^  at  low  and  high  pH, 
and  tlie  values  of  Pj<]^/2’  Following  the  structure 
summarizing  the  functional  groups  in  the  interface  are 
values  for  the  change  in  9^  on  ionization  and  for 

a 

A  COS  9^.  The  number  to  the  left  of  the  structure  is  for 

G 

identification  in  later  figures. 
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of  these  samples,  except  that  containing  a  thiol  group, shows  a  pH 
dependence  for  the  contact  angle  that  is  qualitatively  consistent  with  the 
solution  ionizat’on  of  these  functional  groups.  For  comparison  with 
previous  data,  Figure  18  plots  A  cos  9  on  ionization  against  cos  }  of 
the  unionized  surface.  As  for  interfaces  containing  carboxylic  acid  and 
amine  moieties,  the  change  in  contact  angle  decreases  as  the  contact  angle 
on  the  unionized  surface  decreases. 


; ni erf aces 
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We  have 


i  Z9d 
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defined  the  hydrophi 1 icity  of  functional  groups  in  terms  of  their  Hansch  n 
parameters . The  it  parameter  is  given  by  eq  17,  and  is  defined  as  the 
log  of  the  partition  coefficient  (octanol/water)  of  the  functional  group 
attached  to  a  benzene  ring  minus  the  log  of  the  partition  coefficient  of 
benzene  itself  (2.13).  Thus,  ir  is  a  parameter  that  measures  the  relative 
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octanol 


'"H^O 


-  2.13  =  (2.303  RT) 
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stability  of  a  functional  group  in  water  and  in  a  low-polar  ty  medium 
(octanol).  In  an  ideal  system  having  only  one  type  of  interfacial  func¬ 
tional  group.  Young's  equation  (eq  1)  could  be  interpreted  similarly  as 
measuring  the  relative  stability  of  that  group  at  the  interface  between 
polymer  and  water  (relatively  high  polarity)  and  at  the  interface  between 
polymer  and  air  saturated  with  water  vapor  (relatively  low  polarity).  Because 


L*r*i 


^  MS 

O 


A  cos  9 


Figure  18.  Correlation  between  6^^  pj^  ^  on  the  unionized  (or  less 
ionized  in  the  case  of  multiple  ionizations)  surface  and 
a  cos  9^  for  interfaces  containing  various  functional 
groups.  Data  plotted  are  for  interfaces  shown  in  Figure 
17  and  for  the  sulfonamides  and  fluorinated  amides  shown 
in  Figures  9  and  15.  The  labels  correspond  to  the  labels 
used  in  those  figures;  A12'  and  R6‘  represent  the  second 
(higli  pH)  ionization  of  interfaces  A12  and  R6  with 
difunctional  acid  groups.  The  value  of  cos  9p^  g  was  used 
in  place  of  cos  ^  for  A12'  and  R6'.  The  open  symbols 
(  O  )  represent  interfaces  requiring  four  or  more 
synthetic  steps  and  thus  may  have  lower  interfacial 
concentrations  of  the  particular  functional  group 
concerned . 
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both  n  and  0^  are  measures  of  the  relative  stability  of  a  functional 
group  in  polar  and  nonpolar  environments,  we  postulate  that  ti  and 
cos  0^  are  linearly  related  (eq  18,  19).  Eq  13  hypothesizes  a  linear 


free  energy  relationship  between  corresponding  interfacial  and 
solution  free  energy  terns:  is  a  dimensionless  constant  of 

proportionality  between  interfacial  and  solution  terms,  and  is  a 
constant  that  converts  interfacial  free  energy  (in  ergs/cm^)  into  free 
energies  (in  kcal/mol  of  surface  groups).  Simplification  of  eq  19a 
yields  eq  19b,  where  is  simply  a  dimensionless  combination  of 
constants  (for  experiments  at  constant  T).  An  obvious  extension  of  eq 
19  to  interfaces  with  more  than  one  functional  group  yields  eq  20. 


As  indicated  previously,  we  have  no  method  to  measure 
experimentally,  but  we  have  estimated  ,  the  mole  fraction  of  the 
different  functional  groups  present  in  the  interface.  Ue  assume  that 


Xi  =  for  most  of  the  interfaces  considered.  We  have  previously 
estimated  that  for  the  starting  material  PE[>C=0][C02HJ , 

Xr=Q  =  0.2,  Xr^^  “  0-5.^  For  PE[>C=0]LC02CH3] ,  the  corresponding 
values  would  be  x^g  g;^  =  0.3,  xr=g  =  0.2,  and  xgi^^  =  0.5;  for 

PEl>CHOCOCF2]LCH20COCF2]  in  which  both  carboxylic  acid  and  ketone 
moieties  are  reduced  to  alcohols  before  acylation,  the  values  v/ould  be 


Xchococf^  “  ^CH2  ”  ^  '•^or  the  functional  groups 

were  obtained  from  the  litarature^^  or  estimated  following  the 
procedure  outlined  in  the  Experimental  section. 

Figure  19  is  the  first  of  two  plots  relating  the  hydrophi  1  ici ty 
of  the  interfacial  functional  groups  to  the  wettability  of  the 
interface.  It  is  simply  a  plot  of  the  observed  values  of  9^  (or  cos 
9^)  as  a  function  of  for  the  major  functional  group  involved.  This 
plot  makes  no  correction  for  the  functional  groups  derived  from  the 
ketones  (whether  in  the  form  of  a  ketone  or  alcohol)  nor  does  it  take 


into  account  the  presence  of  CH2  groups.  It  does,  liowever,  establisli 
the  important  qualitative  point  that  the  wettability  of  the  interface 
does  not  seem  to  respond  to  decreases  in  tt  below  -2  (that  is,  to 


increases  in  hydrophi 1 icity  beyond  the  level  represented  approximately 
by  PE[C0NHNH2],  PELCO,NH-gl ucose]  or  PE[C0NHCH2CH2S03'])  . 

The  second  plot  (Figure  20)  follows  eq  21  in  determining  the  tt* 


value  for  each  interface  and  thus  takes  into  account  tne 

nydroph i 1 ici ty  of  all  of  the  functional  groups  on  the  surface.  Again, 

there  is  a  strong  suggestion  of  the  influence  of  the  hydrophi 1 ici ty  on 
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Figure  19.  Correlation  between  0^  (top)  and  cos  0^  (bottom)  and  the  n 
value  of  the  functional  groups  attached  to  PE-R.  The  ti 
values  were  obtained  either  directly  froin  the  literature 
(filled  symbols,  #  ),^^  or  estimated  (open  symbols,  O  ; 
see  Experimental).  The  n  values  of  the  open  symbols 
should  be  considered  less  accurate  than  those  for  the 
filled  symbols.  Interfaces  shown  contain  either  >C=0  or 
>CH0H  groups  and  CH2/CH3  groups;  these  were  not  taken  into 
account.  Larger  (more  positive)  it  values  indicate  lower 
hydrophi 1 icity.  The  data  points  labeled  with  an  (e.g. 
A4')  represent  0^  on  the  ionized  form  of  the  appropriate 
surface  (e.g,  A4) . 


Figure  20.  Correlation  between  9^  (top)  and  cos  9^  (bottom)  and  ir* 


(eq  21;  n*  takes  into  account  all  of  the  functional  groups 
believed  to  be  present  in  the  interface)  determined  for 
each  interface  in  Figure  19  and  others.  The  n  values  used 
to  determine  tt*  were  obtained  either  directly  from  the 
literature  (filled  symbols,  •  ) ,^^  or  estimated  (open 
symbols,  O  ;  see  Experimental).  The  n  values  of  the  open 
symbols  should  be  considered  less  accurate  than  those  for 
the  filled  symbols.  The  data  points  labeled  with  a 
(e.g.  A4')  represent  9^  on  the  ionized  form  of  the 
appropriate  surface  (e.g.  A4).  The  line  is  a  best  fit  to 
the  linear  portion  of  the  graph  (n*  >  -0.8). 


the  contact  angle,  as  anticipated  by  eq  9  and  10  (Figure  3).  This 

★ 

figure  also  shows  the  predicted  relationship  between  cos  and  n  (eq 
13b)  using  n*  in  place  of  it.  The  constant  C_  v/as  detennined  from  a 

★  '37 

best  fit  to  the  data  with  n  >  -0.8:  C  =  -1.1.  '  At  lower  /t*,  cos  e 

—  a 

becomes  unresponsive  to  changes  in  t*  and  the  data  deviates 
significantly  from  this  line. 

Correlations  Between  Values  of  Inierfacial  oK, . ^  and  Solution 

■'  \ "I- 1- "b  1,  t  X VI,  V'l-V-fi/  ^  XX  X  X  X  X  X  X  X  X  X  X  X 

^J^a'  Tigure  21  summarizes  tne  data  obtained  for  all  the  ionizaole  species 
as  a  plot  of  the  observed  values  of  Pj<|/2  PJia  relevant 

functional  group  in  aqueous  solution.  In  some  instances  the  pj^ 
values  reported  for  the  solution  analogs  are  literature  values  (e.g. 

PJla  “  CH3CONHNH2  as  an  appropriate  soluble  analog  for 

P£[C0NHNH2] )  In  other  cases  the  pj^  values  are  predictions  based 
on  the  widely  recognized  relationships  between  the  various  functional 
group  interactions  in  a  molecule  and  the  resulting  pj<a.^^  A  datum 
falling  along  the  diagonal  line  in  this  plot  would  have  the  same 
values  of  P^j^/2  value  of  solution  pH  required 

t?  achie''e  hal  f- ’  oni  zation  would  be  the  same  for  that  group  at  the 
interface  and  in  solution.  In  fact,  all  of  the  data  exanined  fall  in 
groups  above  and  below  the  line.  Those  falling  above  the  line,  witii 
the  surface  Pj<y2  than  solution  pj^  are  all  acidic  species, 

wnile  those  falling  below  the  line  are  all  basic  species.  The  origin 
of  the  difference  between  acidic  and  basic  species  is  certainly  the 
difficulty  in  generating  either  positively  or  negatively  charged 
functional  groups  from  neutral  groups  in  the  interfacial  region. 
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Figure  21.  Correlation  between  Pii^/2  by  contact  angle 

titration  and  the  pj^  for  similar  functional  groups  in 
solution.  Open  symbols  (  O  )  represent  basic  species 
(amines)  and  filled  symbols  (  •  )  represent  acidic  species 
(carboxylic  acids,  phenols,  fluorinated  amides, 
sulfonamides,  phosphonic  acids,  alkyl  phosphates,  boronic 
acids).  The  data  point  labeled  R6‘  represents  the  second 
(more  basic)  pJij/2  interface  R6  (Figure  17). 
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Concl usions 

“U  •%. 'V  "U  "U  t ''.Z 'U % 

We  sutnmarize  the  conclusions  from  this  work. 

1 )  The  advancing  contact  angle  of  water  on  PE-CO2H  3nd  its 
derivatives  correlates  with  the  hydrophi 1 icity  of  the  functional  group 
in  the  interface.  The  quality  of  the  correlation  between  cos  6^  and  n 
is  remarkably  good  (Figure  20).  We  emphasize  one  Hidden  similarity: 

In  both  "moist"  wetting  of  the  polymer  interface  by  water  and  in 
partitioning  of  organic  molecules  between  octanol  and  water,  the  non¬ 
polar  phase  (air  or  octanol,  respectively)  is  saturated  with  water. 
Hence,  polar  groups  are  free  to  solvate  with  water  both  at  the  solid- 
vapor  interphase  and  in  the  octanol  phase,  provided  that  their 
affinity  for  water  is  sufficiently  high. 

2)  The  influence  of  increased  hydrophi 1 icity  on  contact  angle 

appears  to  saturate  for  very  hydrophilic  substituents  ' (it  ^  •  The 

chemical  potential  of  water  is  constant  throughout  the  system  (liquid 
water  is  in  equilibrium  with  water  vapor  and  with  water  adsorbed  on 
the  functionalized  interface).  Sufficiently  hydrophilic  groups  will 
be  solvated  (that  is,  strongly  associated  with  adsorbed  water)  on  the 
moist  interface  used  to  determine  3^  (Figure  22).  These  water- 
solvated  groups  will  resemble  water  itself  from  the  vantage  of 
additional  water  molecules.  Hence,  all  interfacial  groups  that  are 
sufficiently  polar  to  be  highly  associated  with  adsorbed  water  at  100:4 
relative  humidity  should  give  rise  to  an  interface  having  roughly  the 
same  interfacial  free  energy  (that  is,  roughly  tliat  of  the  surface 
tension  of  liquid  water).  Under  the  moist  conditions  employed  to 
detennine  contact  angles,  the  specific  hydrophi 1 icity  of  the  groups 


attached  to  the  interface  is  therefore,  to  a  first  approximation, 
irrelevant  as  long  as  the  groups  are  sufficiently  hydrophilic  to  be 
fully  solvated.  Our  data  suggest  that  functional  groups  with  n  values 
less  than  -1  to  -2  are  sufficiently  polar  to  be  fully  solvaced  at  100% 
humidity.  This  range  of  ::  values  includes  such  functional  groups  as 
COo"  (-4.36),  (-4.19),  503"  (-4.75),  glucose  (-2.34),  and  C0rjHNH2 

(-1.92).  Groups  that  fall  into  the  transition  region  between  full  and 
partial  coverage  by  water  (i  .e.  those  at  the  inflection  in  the 
relationship  between  ir  and  cos  Figure  19)  include  CO2H  (-0.72), 

NH2  (-1.23),  C0hH2  (-1.23),  OH  (-1.13),  and  NHSO2CH3  (-1.13).  Groups 
tnat  collect  little  water  (i.e.  those  in  the  linear  portion  of  the 
relationship  between  n  and  cos  0^,  Figure  19)  include  CO2CH3  (-0.01), 
CH2OCOCF3  (0.55,  estimate),  CH2  (0),  CH3  (0.56),  and  CF3  (0.88). 

3)  An  important  parameter  in  determining  tlie  influence  of  a 
functional  group  on  the  wetting  of  these  types  of  interfaces  appears 
to  be  the  surface  area  that  this  group  covers.  The  "area  fraction"  is 
probably  more  important  in  determining  tne  influence  of  a 
functional  group  on  wetting  than  is  the  mole  fraction  of  that  group  in 
the  interface.  In  particular,  in  cases  where  some  of  the  interfacial 
functional  groups  are  significantly  larger  than  others,  the  larger 
groups  will  prooably  make  more  important  contri buti ons  to  the 
interfacial  free  energy.  Definition  of  the  area  covered  by  a 
functional  group  is  not  a  simple  procedure.  For  example,  long 
functional  groups  attached  at  the  interface  (such  as  - ( CH2CH^3 ) ^ -) 
could  extend  out  into  the  bulk  water  and  thus,  in  principle,  occupy  a 
relatively  small  fraction  of  the  interfacial  area,  or  they  might 
condense  onto  the  surface  and  cover  a  large  area. 
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The  increase  in  interfacial  area  coverage  upon  ionization  of 
functional  groups  might  also  have  a  significant  influence  on 
wetting.  A  carboxyl  ate  anion  in  an  interface  in  contact  with  water 
vapor  might,  for  example,  collect  a  larger  "pool"  of  associated  water 
tnan  wouid  an  unionized  carboxylic  acid  group.  The  resulting  increase 
in  the  effective  _A^  would  result  in  a  decrease  in  contact  angle,  even 
in  the  absence  of  a  change  in  ^  or  ^  ;  the  possibility  that  _A-|- 
might  be  a  function  of  the  ionization  state  of  the  group  i  could 
significantly  influence  interpretation  of  rel  ati  onsiii  ps  between  and 
n  (a  parameter  whose  sensitivity  to  size  is  probaoly  more  to 
functional  group  surface  area  than  to  projected  area  on  an 
interface).  The  increase  in_A^-  upon  ionization  of  the  carboxylic  acid 
groups  of  PE-CO2H  may,  in  fact,  be  one  reason  why  the  contact  angle 
decreases  at  high  pH.  Similar  arguments  would  apply  to  the  contact 
angle  titrations  of  all  of  the  interfaces  tested  in  this  paper. 

4)  Contact  angle  titration  provides  a  convenient  method  for 
measuring  the  ionization  of  functional  groups  on  an  interface:  the 
conversion  of  an  uncharged  (less  hydrophilic)  to  a  charged  (more 
hydrophilic)  group  is  often  accompanied  by  an  increase  in  wettability  and  a 
decrease  in  contact  angle.  It  is  something  of  a  puzzle  why  this 
technique  works  as  well  as  it  does.  Results  obtained  using  contact 
angle  titration  are  internally  consistent  and  physically  reasonable. 

The  values  of  Pj<|^/2  from  this  technique  and  from  direct 

observation  using  ATR-IR^  and  fluorescence^  spectroscopies  (and 
occasionally  using  direct  titration'^)  are  in  good  agreement.  Systems 
derived  from  PE-CO2H  are,  hoviever,  not  at  thermodynamic  equilibrium: 
hysteresis  is  large;  the  drop  does  not  move  on  a  tilted  sample:  Che 
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drop  edge  appears  to  be  pinned.  Model  .Tionol  ayer  systems  show  less 
hysteresis,  but  values  of  contact  angle  that  are  compatible  with  those 
observed  for  PE-CO2H  and  derivatives  are  also  obtained  with  these 
structurally  better-defined  systems.  Thus,  9^  for  PE[R]  is  apparently 
not  determined  solely  by  the  same  factors  that  result  in  the  large 
observed  hysteresis.  We  presume  that  the  hysteresis  reflects  soine 
canoination  of  interfacial  heterogeneity  (e.g.  roughness  or  uneven 
distribution  of  functional  groups)  and  reaction  on  contact  with  the 
bulk  water  (swelling  and/or  ionization).  Although  the  values  of 
contact  angles  can  only  be  considered  approximations  to  those  that 
would  be  observed  for  a  system  in  true  thermodynamic  equilibrium,  we 
presently  believe  that  the  differences  between  the  non-  or  quasi¬ 
equilibrium  values  obtained  with  the  polymer  interfaces  ata 
equilibrium  values  that  would  be  obtained  on  an  ideal  system 
containing  the  same  functional  groups  are  (hysteresis  notwithstanding) 
smal  1  . 

Several  factors  might,  in  principle,  cause  a  decrease  in  0^  on 
ionization  of  the  interfacial  groups  in  PE-CO^H:  These  include  an 
increase  in^,  an  increase  in  a  decrease  in  y^^,  swelling  of  the 

interfdcial  region,  and  processes  making  a  contribution  to  (eq  3) 
such  as  the  free  energies  of  ionization  or  swelling.  We  draw  upon  the 
comparison  of  PE-CO^H  to  the  structurally  better-defined  monolayer 
systems  based  on  organic  thiols  absorbed  on  gold  to  suggest  that 
interfacial  swelling  is  relatively  unimportant  in  determining  9^. 

Since  these  monolayer  systens  are  not  expected  to  swell  sigmficantly 
in  eitner  the  ionized  or  unionized  state,  and  since  their  behavior  in 


wetting  is  qualitatively  similar  to  that  of  the  functional i ted 
polymer,  we  conclude  that  swelling  of  the  intarfacial  region  of 


P£-C02H  is  not  essential  for  a  decrease  in 

w'e  do  not  currently  know  whether  the  energy  of  reaction  is 

important  in  oetermining  the  contact  angle  as  a  function  of  pH  fur 
^£-002^  •  One  '"act  suggests,  however’ ,  that  it  is 
not;  if  the  energy  of  ionization  were  driving  the  inoveinent  of  the 
drop  to  I  Owen  contact  angles,  the  contact  angle  would  be  expected  to 
continue  to  drop  beyond  the  pH  of  full  ionization  (aq  16,  Figure 
'.3',.  For  example,  even  if  the  interface  were  fully  ionized  at  pH  10, 


trie  free  energy  of  ionization  at  pH  14  would  be  greater  than  that  at 
pH  11  oy  the  entropy  of  dilution  of  the  protons  (RT  a  pH  =  1.4 
kcal/iTiol),  and  the  contact  angle  would  be  lower  at  pH  14  than  at  11. 
Tills  continued  drop  in  above  the  point  of  full  ionization  is  not 
observed  for  PE-CO2H  or  any  material  derived  from  it. 

The  remaining  factors  that  might  plausibly  contribute  to  tne 


decrease  in  on  ionization  may  all  be  important.  Changes  in  ^  on 
ionization  of  an  interfacial  group  are  likely  to  be  important  for  many 
of  the  materials  studied.  Changes  in  and  y^^  ionization  may 
also  be  important,  altnough  tiie  monolayer  studies  indicate  that 


cos 


1,  and  our  first-order  analysis  ( eq  3-10) 


suggests  that  inte'^faces  containing  these  tv;o  functional  groups  should 


not  oe  distinguishable  by  contact  angle,  [n  fact,  both  the 


r e 1  a 1 1 onsn i p  between  ^  and  (Figure  19)  and  the  relationsnip  oetween 


cos  J  1  And  A  cos  a  (Figures  10,  16,  I'l)  suggest  tnat  tne 

^  J  M  A  d 

influence  of  a  particular  functional  group  on  the  interfacial  free 


enei^gy  nay  depend  on  its  environment,  and  conclusions  drawn  from  the 


monolayer  system  may  not  be  directly  applicable  to  PE-C32H. 
Certainly,  qualitatively,  the  hydrophi 1 icity  of  the  CO2'  group  is 
greater  than  that  of  a  CO2H  group,  and  tiie  wettability  of  the 
interface  follows  the  same  order. 

5 )  The  supposition  that  in  an  interface  containing  a  number  of 


Afferent  functional  groups,  the  contribution  of  each  group  towards 
tne  wetting  properties  can  be  considered  additive  and  independent  ( 
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Experimentdl 

General.  All  solvents  were  reagent  grade  and  were  jsed  as 
received.  Water  was  distilled  in  a  Corning  Model  AG-lb  glass 
distillation  apparatus.  XPS  spectra  were  determined  on  a  Physical 
Electronics  Model  543  spectraneter  (Mg  X-ray  source,  100-eV  pass 
energy,  10“'^  to  10"^  torr,  instrument  calibrated  according  to  ASTM  STP 
599;  . 

ATR-IR_^Measurements .  Pieces  of  polyethylene  film  were  cut  to  cne 
size  of  the  KRS-5  (tnallium  bromide/ iod ide ,  45°)  crystal  faces  and 
pressed  against  the  faces  with  an  MIR  ( Perki n-Elmer)  sample  holder. 
Films  treated  witn  aqueous  solution  were  dried  in  vacuum  (50  min, 

0.01  torr,  room  temperature)  prior  to  contact  with  the  KRS-5  crystal 
to  prevent  crystal  damage  and  to  eliminate  peaks  due  to  excess  water 
from  the  spectrum.  Rectangular  pieces  of  thin  cardboard  the  same  size 
as  the  film  pieces  were  inserted  between  the  films  and  tne  steel 
sample  holder  to  distribute  the  pressure  on  the  film  evenly.  Spectra 
were  obtained  on  a  Perki n-Elmer  Model  598  spectrometer. 

Concac t^An^l^e^Measurements .  Contact  angles  were  deternined  on  a 
Rame-Hart  Model  100  contact  angle  goniometer  equipped  with  an 
environmental  cnamper  by  estimating  the  tangent  normal  to  tne  rauius 
of  the  drop  at  the  intersection  between  the  sessile  drop  and  tne 
surface.  These  values  were  deternined  5-20  sec  after  applicacion  of 

the  drop.  The  humidity  in  the  chamber  was  maintained  at  100%  oy 
filling  the  wells  in  the  sainple  chamoer  with  distilled  water.  Tne 
temperature  was  not  controlled  and  varied  between  20  and  25  °C.  Tiie 
volume  of  the  drop  used  was  always  1  uL.  Polyethylene  samples  were 
cut  to  a  size  of  0.5  x  2  cm  and  attached  oy  the  back  of  the  samole  to 
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a  glass  slide  using  two-sided  Scotch  tape  to  keep  the  sample  flat. 

All  values  reported  are  the  average  of  at  least  eight  measureinents 
taken  at  different  locations  on  the  film  surface  and  have  a  maximum 
error  in  the  mean  of  ±3°.  The  pH  profiles  were  fully  reversiole  on 
the  interfaces  after  removing  the  drops  from  the  interfaces  by  was.iing 
witn  distilled  water,  and  drying  in  air.  Some  samples,  such  as 
PECCONHNHCOCF^j  could  Pe  imagined  to  hydrolyze  at  high  pH.  ,‘Jone  of 
tne  titration  curves  are  daninated  by  such  reactions,  as  shown  by 
treating  the  interfaces  with  base  for  a  few  seconds  itne  timia 
necessary  to  determine  9^)  and  then  re-determining  at  low  pH.  The 
Duffers  used  (0.05  M)  were  as  follows:  pH  1,  0.1  11  HCl  ;  pH  2,  maleic 
acid;  pH  3,  tartaric  acid;  pH  4,  succinic  acid;  pH  5,  acetic  acid;  pH 
6,  maleic  acid;  pH  7  and  3,  HEPES;  pH  9  and  10,  CHES;  pH  11, 
A-aminobutyric  acid;  pH  12,  phosphate;  pH  13,  0.1  H  l-laOH;  otiier 
buffers^  were  substituted  with  no  apparent  differences  in  3^. 

? functional  grouo 
■T  values  used  in  determining  the  1*  values  for  tne  interfaces  v/6''e 
ODtained  from  tne  1 i terature . In  many  cases,  tne  t  value  for  che 
exact  functional  groups  were  not  available.  In  some  cases,  estimates 
were  made  for  -t  based  on  the  functional  groups  present.  This 
averaging  was  only  used  for  interfaces  of  the  type  PECCONHCHoCH^P] . 

Tiie  -T  value  estimated  for  this  functional  group  was  tne  numerical 
average  of  t  for  the  secondary  amide  (-1.27)  and  the  functional  group 
P.  While  the  results  of  this  ave''aging  are  proDaoly  only 
approximations  to  the  values  tnat  would  be  ootained  in  actual 
experiments,  the  values  appeared  to  be  useful  in  understanding  tne 
wetting  properties  of  these  types  of  surfaces.  A  second  type  of 
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deviation  from  the  strict  use  of  n  values  for  the  functional  yroups 
was  used  in  the  case  of  the  very  long  hydrocaroon  or  fluorinated 
hydrocarbon  chains  of  surface  esters.  Although  tne  length  of  an  ester 
would  clearly  influence  t ,  it  would  probably  not  influence  6^  above  a 
certain  length  because  only  a  portion  of  the  chain  would  be  exposed  at 
the  edge  of  the  surface.  For  this  reason,  t  was  esti'nated  to  oe  0.55 
for  the  rnethyl  surface  resulting  from  PE[C02C3H|_y j  =  0.55  for 

-CH3).  Similarly,  t  was  estimated  to  be  0.38  for  PE[CH20C0C7Fj^3 j  = 
0.33  for  -CF3) .  Other  values  of  tt  used  in  tnis  work  were:  -CO2OF2, 
0.55  (estimate);  -CO2CH2OH2,  0.51;  >CH2,  0;  -CO2CH3,  -0.01; 
-C3NHCH2CH2N(CH2)4,  -0.19  (avg);  -C0NHCH2-pyridi ne,  -0.43  (avy); 
-CONH-pyridine,  -0.48  (avg);  >C=0,  -0.55;  -OH,  -1.13; 
-CONHCH2CH2NHCOCF3,  -0.60  (avg);  .CO2H,  -0.72;  -OSO2CH3,  -0.38; 
-C3NHCH2CO2H,  -1.0  (avg);  -NHSOPCH3,  -1.13,  -COMHCH2CH2OH,  -1.2  (avg); 
-C3NH2,  -1.23;  -NH2,  -1.23;  -CONHCH2CH2NHSD2CH3,  -1.23  (avg); 
-C0riHCH2CH2NH2,  -1.25  (avg);  -CONHCH3,  -1.27;  -CONHNH2,  -1.92; 
-C0NHCH2CH2'1H3'^ ,  -2.73  (avg);  -glucose,  -2.3;  -CONHCH2CO2" ,  -2.32 
(avg);  -C0NHCH2CH2S03~,  -3.02  (avg);  -^1,83",  -4.19;  -C02’,  -4.35; 

-SO3*,  -4.3. 

Polyethylene  (PE-H)  (Film  1).  Low-density  biaxially  blown 
polyethylene  film  (100  um  thick  ,  c  =  0.92  g/mL)  was  a  gift  from  FI ex- 
0-Glass,  Inc  (Flex-O-Film  DRT-6008) .  The  film  was  cut  into  10  x  10  cm 
squares.  Tnese  were  extracted  by  suspending  the  film  in  refluxing 
5H2CI2  24  h  to  remove  antioxidants  and  other  additives  present  in 

tne  film.  The  removal  of  additives  could  be  monitored  using  the 
caroonyl  region  of  the  ATP.-IR  spectrum.  Prior  to  extraction,  a  peux 
at  1550  cm'-  was  present.  Tnis  peak  was  eliminated  by  the 
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extraction.  The  samples  were  dried  under  vacuum  (ZO  °C,  0.01  torr,  4 
h)  or  in  air  (20  °C,  4  h)  prior  to  oxidation  to  allow  residual  solvent 
to  evaporate.  Samples  that  were  not  oxidized  immediately  were  stored 


under  dry  argon.  In  all  cases,  experiments  were  perforned  on  the  side 
of  tne  film  facing  the  inside  of  the  stock  roll. 


PE-COoH  =  ?E[>C=0'’[C0cH]  (Film  A4) .  P£-H  'was  oxidized  oy 
floating  on  H2SO4/ H2O/ Cr03  (29/42/29;  'w/'w/w)  at  72  °C  for  50  s.  These 
samples  were  rinsed  4  times  in  distilled  water  and  once  in  acetone, 


dried  in  air  for  1  n,  and  stored  under  dry  argon.  The  samples  are 


i  ndi  sti  ngui  shabl  e  from  PE-H  to  the  unaided  eye.  The  sa^mples  nad  a 
peak  in  the  ATR-IR  at  1710  cm“^. 

PEr>CHOH]rC09Hl  (Film  AlO)  and  Derivatives.  A  solution  of  4  g  of 
NaBH^  (98%,  Alfa)  in  100  ml  of  0.1  N  NaOH  was  heated  to  50  °C. 

PE-C02H  was  added  and  stirred  for  2  h,  removed,  and  immersed  in  1  N 
HCl  for  10  min.  The  film  was  rinsed  in  water,  1  iN  HCl  ,  3  times  in 
distilled  water,  and  once  each  in  methanol  and  methylene  chloride.  Ac 
tne  resolution  employed,  the  XPS  spectrum  was  indistinguishable  from 
tinat  of  PE-CO2H.  The  contact  angle  with  water  (pH  1)  was  54°  and  the 
sample  had  a  new  ATR-IR  peak  at  3350  cm"*.  In  order  to  forn 
PE((>CHOCOR][C02H]  ,  PEl>CH0H][C02H]  was  treated  with  neat 
tri f I uoracati c  anhydride  (or  lauroyl  chloride,  ootn  Aldrich)  for  13  h 


at  room  temp.  Tne  films  were  then  rinsed  in  water  (4  times),  metnanol 
(twice)  and  dried  in  the  air  to  form  PE[>CHOC0CF3][C02H]  (Film  A2)  or 
PE((>CH0C0C,^ j^H23][C02H]  (Film  Al).  To  generate 

PE[>CH0C0CH2CH2C02H][C02H]  (Film  A7),  PE[>CH0H][C02H]  \/as  treated  witn 
30  ml  of  acetone  containing  10  g  of  succinic  anhydride  and  1  ml  of 


tri ethyl  ami ne  for  1  h.  The  film  was  rinsed  in  acetone,  water,  and 
then  methanol  before  being  air  dried, 

PEC>CHOH][CH,OH]=PE[CHoOHj  (Film  13)  and  Derivatives.  ' PE-CDoH 
was  treated  with  excess  1  M  BH^-THF  (Aldrich)  at  50  °C  for  20  h  under 
argon.  The  films  were  rinsed  cwice  in  water,  soaked  in  1  M  MCI  for  5 
min  and  rinsed  3  times  in  water.  The  carbonyl  ATR-IR  peaks  were 
aosent  and  a  new  peak  appeared  at  3350  cm"-.  In  order  to  keep  tne 
nomenclature  as  brief  as  possible,  derivatives  of  PE[>CH0Hj[CH20H]  are 
often  shown  as  derivatives  of  P£[CH20H],  and  is  should  be  assumed  tnat 
tne  secondary  hydroxy  groups  are  similarly  derivatized.  In  order  to 
generate  PE[CH20C0(CF2)nCF3]  (Films  15-17),  PE[CH20H]  was  allowed  to 
react  with  neat  LCF2( CF2) ^C0]20  (L-ncaster  Synthesis,  just  enouyn  to 
cover  the  film)  for  13  h  at  room  te:np.  The  films  were  rinsed  5  times 
in  methanol,  twice  in  acetone,  and  twice  in  water.  The  ATR-IP 
spectrum  (n  =  0)  showed  new  peaks  at  1790  (CF3CO2P).  1165,  and  1225 
(C-F)  cm"-.  PECCH2OH]  was  allowed  to  react  with  stearic  acid  cnlo'-ide 
(Fluka,  5  g)  in  acetone  (50  mL)  containing  5  ml  of  tri ethyl  amine  for 
13  n.  The  film  was  removed,  rinsed  in  methanol,  water,  acecone,  and 
nexane,  and  dried  in  air  to  form  PE[CH20C0(  CH2)  (Film  14). 

Alternatively,  to  form  PE[CH20C0CH2CH2C02H]  (Film  A6),  PE[CH20H]  was 
treated  witn  30  ml  of  acetone  containing  10  g  of  succinic  anhydride 
and  1  ml  of  triethyl amine  for  1  h.  The  film  was  rinsed  in  acecone, 
water,  and  then  methanol  before  being  dried  in  air.  PE[CH20H]  was 
allowed  to  react  with  a  saturated  acetone  solution  of  1, 2,4,5- 
benzenetetracarboxyl ic  acid  anhydride  for  2  h  at  room  temp.  The  ‘i  hn 
was  r9;noved,  rinsed  in  acetone,  methylene  chloride,  0.1  il  NaOH  for  10 
min,  water,  and  acetone,  and  dried  in  air  to  form 


PE[CH20C0CgH2(C02H)3j  (1,3,4)  (Film  All).  Finally,  PE[CH20H]  was 
allowed  to  react  with  neat  perfl uorogl utaric  anhydride  (Lancaster 
Synthesis,  just  enough  to  cover  the  film)  for  1  h  at  room  temp.  The 
film  was  removed,  rinsed  in  methanol  (3  times),  water  once,  and  driod 
in  air  to  form  PE jCH20C0CF2CF2CF2C02H]  (Film  A13). 

PEjCOClj.  PE-COoH  was  soaked  in  30  mL  of  dry  diethyl  ether 
containing  3  g  of  PClg  for  1  h  at  room  temperature.  The  film  was 
quickly  removed  and  used  immediately  without  workup  to  minimize 


hydrolysis  of  the  acid  chloride  groups  by  ambient  water  /apor. 

PE^COoiCHoCHoOy-Hl.  For  n  <  14,  PE[C0Ci]  v;as  immersed  in  tne 
appropriate  neat  liquid  polyethylene  glycol.  Lower  n  values  were  the 


pure  compounds  (n  =  1  and  2  were  obtained  from  Fisher;  n  =  3  and  4 
were  obtained  from  Aldrich).  The  higher  n  values  were  mixtures  of 
different  molecular  \veight,  and  the  reported  n  values  are  indicative 
of  the  average  molecular  weights  (n  =  5,  7,  10,  and  14  were  all 
obtained  from  Aldrich).  After  1  h  the  films  were  removed,  rinsed  7 
times  in  water  and  once  in  acetone,  and  allowed  to  dry  in  air.  For  n 
>  14  the  ■reactions  were  carried  out  similarly  in  20%  polymer 
( Al drich)/30%  acetone  mixtures. 

PE(.C0NHp3  (Film  4).  PElCOCI  J  was  put  directly  into  concentratea 
for  20  min,  rinsed  in  'water  (5  times)  and  methanol  (twice),  and 
then  dried  in  air.  ATR-IR  showed  new  peaks  at  1400  cm"^  (C~N 
stretch)  ,  3150  cm'*  (NH),  1560  cn'^'-  (IIH),  and  1660  cm'^  (C=Qi)H);  XPT 
iJ/ 0  ratio  =  0.53. 


?E3>CH0H][CH^,' 

\  'v  X  'w  m.  <T.  m.  ' 


(Film  N2)  and  Derivatives.  PEjCONHo]  was 

'v  h,  \  A,  "U  "L  -  A.  A.  %  -  "U  L. 


treated  with  1  M  LiAlH^  in  refluxing  diethyl  ether  (Aldrich,  1  'i 


LiAlH^  in  ether)  for  13  n.  After  the  film  was  rinsed  in  water 


times)  and  methanol  (once),  its  surface  appeared  cloudy.  The  film  was 
soaked  in  cone  HCl  for  10  min  and  rinsed  in  water  (3  times)  and 
methanol  (twice).  After  repeating  the  HCl  treatment,  the  film  was 
again  clear.  ATR-IR  showed  new  peaks  at  3350  cm"-^  (-NH2  '^nd  -OH)  and 
1640  cm"^  (-I'lH-,).  The  peak  at  1560  cm”^  (-NH  of  -CONH2)  had 
disappeared,  ('lota:  This  film  has  a  foul,  fishy  smell.  This  smell 
may  be  PH2  or  some  otiier  toxic  phosphorus  compound  derived  from  the 
reaction  between  residual  PCI  g  in  the  film  and  LiAlH^^.  Appropriate 
caution  should  be  exercised.)  In  order  to  generate 
PE[>CH0S02CH3][CH2llHS02CH3]  (Film  N3),  PE[>CH0H][CH2NH2]  was  treated 
with  5  mL  of  neat  CH3SO2CI  containing  1  ml  of  tri ethyl  ami ne  for  1  min 
(Note:  the  triethylamine  was  added  slowly  and  carefully).  The  film 
was  rinsed  several  times  in  water,  once  in  methanol,  and  dried  in 
air.  PEC>CH0C0CH2CH2C02H][CH2  CONHCH2CH2CO2H]  (Film  A5 )  was  generated  b 
reacting  PE[>CH0H][CH2NH2]  with  succinic  annydride  (10  g)  in  acetone 
(50  ml)  containing  1  ml  of  triethylamine  for  1  n  at  room  temp.  The 
film  was  removed,  rinsed  in  acetone  (3  times),  water,  and  acetone,  and 
dried  in  air.  PE[>CH0H][CH2NH2]  was  allov^ed  to  react  with  100  mg  of 
dansyl  chloride  (Sigma)  in  acetone  (10  mL)  for  10  s.  At  tiiat  poinc 
0.5  mL  of  aqueous  Na2C03  (sat.)  was  added  and  the  film  was  removed 
after  30  s.  T'’e  film  was  rinsed  in  methanol  (5  times),  water,  and 
acetone,  and  dried  in  air  to  form  PEL>CH0H][CH2NH-dansyl ]  (Film  M6 ) . 

(Film  Nl).  PE-CO2H  was  put  into  a  mixture  of 
IOC  mL  of  chloroform,  25  mL  of  concentrated  sulfuric  acid,  and  1.  g  of 
‘idilT  (Kodaxj.  Tile  mixture  was  stirred  at  50  °C  for  1  h,  and  the  film 
was  removed.  The  sample  was  rinsed  in  water,  acetone,  water,  acetone, 

and  ethe'^,  and  dried  in  air.  ATR-IR  peaks:  1120  cm'"  (C-N);  I54Q  cm'* 


(NH^);  3350  cm  ''  (NH).  Upon  reaction  with  lauroyl  chloride 
(3  min  in  neat  reagent)  the  film  become  hydrophobic  ( >  100°). 

'^'^thyl  ester  has  been  made  by  three 
different  methods  with  the  resulting  interfaces  being 
i  ndi  sti  ngui  shaol  e.'^  Here,  PE-CO2H  was  stirred  for  13  h  in  500  ml  of 
anhydrous  methanol  containing  75  mL  of  sulfuric  acid  at  40  °C.  The 
film  was  rinsed  twice  in  metnanol ,  3  times  with  distilled  water,  and 
once  in  acetone.  For  all  three  methods,  ATR-IR  spectra  showed  a  new 
peak  at  1740  cm“^  and  no  -C02"  peak  (1560  cm"^)  after  treatment  wt  cli  1 
'1  NaOH,  indicating  complete  reaction. 

PE!^C02R(J*  The  ethyl,  2-bromoethyl  ,  n-propyl  ,  i-propyl  ,  n-buLyl  , 
s-butyl ,  n-hexyl ,  and  n-octyl  esters  (Films  19-25)  were  made  by 
soaking  PE-CO2H  in  the  appropriate  anhydrous  alcohol  (50  mi) 
containing  sulfuric  acid  (10  mL)  at  40  °C  for  18  h  (for  ethyl  and 
bromoethyl)  or  72  h.  The  films  were  worked  up  as  for  PE[C02CH2j. 
Alternatively,  the  propyl  ester  was  made  by  putting  PE[C0C1]  in 
propan-l-ol  for  30  min  and  rinsing  once  with  methanol,  twice  with 
water,  and  once  with  acetone. 

PElCONHNHo]  (Film  H8)  and  Derivatives.  PECCO^CHn]  was  heated  at 
50  °C  in  95%  MH2NH2  (Eastman)  for  1  h.  The  film  was  rinsed  three 
tii.ies  in  mechanol  and  twice  in  water.  The  ATR-IR  spectrum  showed  a 
new  peak  at  1650  cm'^.  This  material  ( PE[C0nHNH2] )  was  put  into  50  mL 
of  THF  containing  10  mL  of  lauroyl  chloride  and  0.2  mL  of 
iriethyl amine.  After  42  h,  the  film  was  removed,  rinsed  in  nethanol , 
water,  acetone,  and  hexane,  and  dried  in  air  to  form 
PE[C0NHriHC0C]_^H23j  (Film  10).  Alternatively,  P£LC0NHr'lH2]  was  stirred 
for  13  h  in  10  mL  of  THF  containing  0.2  g  of  tetraf 1 uorosucc i n 1 c 


48 


anhydride  (K  and  K  Chemicals)  at  room  temp.  The  film  was  removed, 
rinsed  in  THF,  me.hanol ,  water,  and  acetone,  and  dried  in  air  to  form 
PE[C0NHNHC0CF2CF2C02H]  (Film  A12) .  In  order  to  form  PELC0NHriHC0CF3J 
(Film  R2),  PE[C0NHNH2]  was  stirred  in  10  ml  of  THF  containing  0.5  mL 
of  lCF3C3]20  dnd  0.2  ml  of  tri ethyl  ami ne  for  13  h  at  room  temp, 
fallowed  by  rinsing  in  THF,  methanol,  water,  and  acetone,  and  drying 
in  air. 

PE[^C0NHR|.  PE[C02CH2]  was  soaked  in  the  appropriate,  neat, 
commercially  obtained  amine  for  4  weeks  at  room  temperature.  The 
samples  were  soaked  for  several  h  in  water  and/or  inethanol  to  remove 
excess  amine  reactant  from  the  film.  The  samples  were  then  rinsed  in 
methanol  and  dried  in  air.  Samples  made  in  this  manner  were  those 
derived  from  2-aminoethanol  (MCB,  Film  3);  M-(2-aminoethyl )morphol ine 
(Lancaster  Synthesis,  Film  M4);  N-(2-aminoethyl )pyrrol idine  (Lancaster 
Synthesis,  Film  M3);  4- (ami  nomethyl )  pyridine  (Alfa,  Film  H5); 
ami  nomethyl  cyclohexane  (Lancaster  Synthesis,  Film  9); 

‘1,  N-dimethyl  ethyl  enediamine  (Aldrich,  Film  Ml); 
N,;'l‘-dimethylethylenediamine  (Alfa,  Film  M2);  1,7-dimethyl -4- 
heptylamine  (Lancaster  Synthesis,  Film  3),  2-aininoethanol  (MCB,  Film), 
ethyl enedi ami ne  (Fisher;  this  reaction  is  one  approach  to  N4 ) ;  and 
4-heptyl amine  (Lancaster  Synthesis,  Film  7). 

PE[C0nHR'].  PELCOCl]  was  put  into  aqueous  solutions  (unless 
otherwise  specified)  containing  the  appropriate  amine-containing 
substances  for  5  min.  The  samples  were  rinsed  in  water  (4  times) 
follov/ed  by  methanol  (once),  and  dried  in  air.  Surfaces  made  in  this 
manner  include  those  derived  from  commercially  ootained  £- dim  nooen zoic 
acid  (Eastman,  Film  A9,  50  mL  of  acetone  containing  5  mL  of 


tri ethyl  ami ne) ;  ami noethanethi ol  (Aldrich,  Film  Rl,  30%,  pH  8.3); 
2-aminoethyl phosphonic  acid  (Sigma,  Film  R5,  50  mg  (sat.)  in  5  ml  of 
methanol  with  0.2  ml  of  tri ethyl  ami ne) ;  2-aminoethyl  phosphate  (Alfa, 
Film  R6,  1  g  in  5  ml  of  methanol  with  0.5  ml  of  triethyl  amine) ; 
2-aminoethyl  hydrogen  sulfate  (Sigma,  saturated  in  5  ml  of  methanol 
with  0.5  mL  of  tmethyl  amine.  Film  23);  o-aminophenol  (Baker,  Film  R4, 
saturated);  m-ami nopnenylboronic  acid  (Film  R3,  0.5  g  of  free  base 
(Alfa)  in  5  ml  of  methanol  with  0.5  mL  of  tri ethyl  ami ne) ; 

4-ami  nopyridine  (Sigma,  Film  M7,  saturated  solution);  aniline  (Fisner, 
neat.  Film  11);  aspartic  acid  (Film  A3,  0.5  M  at  pH  10  (MaOH);  dansyl 
cadaverine  (Sigma,  Film  \M ,  50  mg  in  10  mL  of  methanol  with  0.5  mL  of 
triethyl  amine) ;  ethyl enediamine  (Fisher,  this  reaction  is  one  approach 
to  N4,  neat;  the  CF^CO-  and  CH2SO2  derivatives  of  this  surface  (N5  and 
H6)  were  made  as  for  PE[>CH0H][CH2NH2J;  glucosamine  hydrochloride 
(Sigma,  2  M  adjusted  to  pH  10  (NaOH),  Film  2);  glycine  Hydrochloride 
(Aldrich,  Film  AS,  2  M  at  pH  10  (NaOH));  methylamine  (Eastman,  40%  in 
H2O,  Film  5;  d imethyl ami ne  hydrochloride  (Baker,  30%  in  1  N  NaOH,  Film 
6);  n-octylamine  (Eastman,  neat.  Film  12);  taurine  (Aldrich, 
H2NCH2CH2S03’,  saturated,  pH  9.5,  Film  27). 

Monol^a^ars.  Monolayers  were  formed  by  adsorption  of  mixtures  of 
CH3(CH2)|5SH  (0  to  1  inM)  and  H02C(CH2) j^-SH  (0  to  1  mM)  from  degassed 
absolute  ethanol  solution  (20  mL)  onto  freshly  evaporated  gold 
surfaces  for  12  h  at  room  temperature.  These  gold  surfaces  were  made 

O 

by  thermal  evaporation  of  a  2000  A  thick  layer  of  gold  onto  a  3" 

O 

silicon  wafer,  with  a  thin  (200  A)  intervening  layer  of  chromium  to 
increase  adhesion  between  the  gold  and  silicon.  The  monolayers  were 
rinsed  in  water  and  ethanol  prior  to  determination  of  J. 
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hexadecane  contact  angles.  At  100%  relative  humidity,  iiexadecane 
beads  on  a  CO2H  surface  (0^  =  35-40°)  even  though  it  wets  the 
surface  at  ambient  humidity  (30-70%).  If  the  relative  humidity 
is  allowed  to  decrease,  a  point  is  reached  where  the  adsoroed 
aqueous  film  evaporates  and  the  hexadecane  drop  suddenly 
spreads.  Since  hexadecane  wets  neither  a  pure  methyl  surface  (3^ 

=  47°)  nor  a  pure  acid  surface  (9^  %  35°)  at  100%  RH,  the  model 
developed  for  polyethylene  would  predict  that  hexadecane  should 
bead  at  all  intermediate  surface  compositions.  In  fact,  an  30% 
acid  surface  is  wet  by  hexadecane  at  all  relative  humidities. 

This  result  militates  strongly  against  island  formation  and 
suggests  that  for  monolayer  systems  tne  different  components  of 
the  interface  cannot  be  treated  entirely  as  being  independent. 

35)  Bellamy,  L.  J.  The  Infrared  Spectra  of  Complex  Molecules; 

Wiley:  New  York,  1958,  2nd  ed . 

36)  We  have  not  performed  contact  angle  titrations  on  this  sample 
under  inert  atmosphere  or  with  aqueous  drops  containing  thiol 
reducing  agents  to  determine  whether  the  thi 0 1 -ccmprom: s 1 ng  'nterfi 
might  have  been  oxidized  to  disulfides. 
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37)  T’nis  empirical  value  tor  _c  also  allo'ws  Jt|_  i^O  be  evaluated  if  j<r 

^  15  ,  2 

is  known.  If  we  assume  the  interface  contains  10'’  groups/ cm 

(equivalent  to  the  packing  density  in  a  stearic  acid  crystal 
multiplied  by  a  roughness  factor  of  Z),^^  tnen  J<7-i  -  3.0144 
; kcal/mol ) (erg/cm’)"^.  Using  =  0.0144  and  C  =  -I.IZ,  we 
calculate  (eq  19)  jt|_  =  0.9.  This  value  is  within  our  expected 
error  (arising  primarily  in  assuming  a  value  for  tne  surface 
roughness)  of  1. 

The  change  in  the  interfacial  free  energy,  oetween  pH 

1  and  pH  =  11  is  only  0.4  kcai/mol  if  Is  assumed  to  pH- 

independent.  This  energy  change  is  small  compared  with  the  free 
energy  of  ionization,  ,  for  .RCO2H  (pH  =  1)  RC32"  (pH  =  11 

■t-  H'*':  approximately  5  kcal/mol  for  a  p_^  of  7.5. 

33)  Perrin,  0.  0.  Dissociation  Constants  of  Organic  Bases  in  Aqueous 


Solution;  Butterworth :  London,  1965. 

39)  Perrin,  0.  0.;  Dempsey,  0.;  Serjeant,  E.  P.  pK^  Prediction  for 
Organic  Acids  and  Bases;  Chapman  and  Hall;  New  York,  1981. 
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